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ABSTRACT
Studying galaxy structures using different wavebands enables us to observe a variety
of intrinsic galactic features and to test the validity of underlying theories in detail. Density
wave theory, originally proposed by C.C. Lin and F. Shu (Lin & Shu 1964), explains the
nature of the spiral arm patterns in disk galaxies as density waves that propagate through
the galactic disk. From spiral galaxies to the rings of Saturn, density wave theory has had
success in providing qualitative explanations of disk dynamics. However, it is now widely
believed that galactic disks are dissipative systems which raises the question of whether
they are really semi-permanent features as suggested by Lin and Shu. The question is when
density waves do arise, how long are they sustained in this dissipative medium. Are they
transient or relatively long-standing?. In this study I try to test the validity of density wave
theory using multi-wavelength image data, star formation history maps and the spatially
resolved stellar clusters. I also try to answer the question, whether transient or relatively
long lasting spiral patterns better fit the patterns that we see in disk galaxies. The study
primarily focuses on two implications of the theory, the co-rotation radius and the existence
of an age-gradient. The work elaborates the use of multiple techniques in identifying the corotation radius and provides strong evidence in favor of density wave theory. Age gradients
are observed using star formation history maps and specially resolved stellar cluster maps.
The study investigates and presents evidence in favor of density wave theory framework and
also provides a lower age limit for the spiral structure formation.
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Chapter 1

Introduction

The classical Density Wave Theory, originally proposed by C.C. Lin and F. Shu (Lin
& Shu, 1964, 1966; Lin et al., 1969), gives a theoretical explanation for the formation and
the evaluation of spiral arm patterns in galaxies. Although it has proven to be extremely
successful in describing spiral patterns in galaxies and planet ring structures, there have
been a few notable instances where studies have found observations which differ from theoretical predictions. There are also disagreements concerning the semi-permanent nature
of the spiral patterns. Throughout the years, many rival theories have been developed to
compete with density wave theory. Decades later, even with the arrival of new imaging capabilities, computational enhancements and software, questions still remain about the validity
of the density wave theory and whether it is supported by really quantitative observational
evidence.
Before we start testing the validity of the theory, it is of paramount importance to
understand the essence of the density wave theory. To properly appreciate the theory, it’s
strengths, and limitations, it is crucial to get an overall understanding about the context
in which the theory was formulated, the subsequent developments and implications of the
theory. It is also important to understand the rival theories, their limitations and strengths.
One should also review the attempts carried-out thus far in investigating the validity of the
theory.
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1.1

Objectives

The present study is intended to evaluate the validity of density wave theory using
multi-wavelength image data, star formation history maps and the spatially resolved stellar
clusters. We also try to address the question of the transient vs. semi-permanent nature of
the spiral patterns. The present study also documents the methods and the tools that were
developed to identify co-rotation radii. The co-rotation radius (hereafter RCR ) of a spiral
galaxy is defined as a stable region, where the velocity of the disk material would match
with the velocity of the spiral arm global pattern speed. The existence of the co-rotation
radius is a consequence of the constant global spiral arm pattern speed as demanded by the
theory. Hence finding the co-rotation radii as an implication of the theory is itself evidence
in favor of the theory. The cardinal objectives of the present study are as follows:

• To evaluate the validity of density wave theory using observational evidence and implications of the theory.
• To find a minimum or a maximum range on the sustainability of the spiral structure.
• To develop new methods to identify resonance locations and co-rotation radii of galaxies
and to check their accuracy using existing techniques.

The study was carried out as three individual projects, yet holistically they were
contributing to the overall goals and objectives defined above.
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1.2

Significance of the study

The findings of this study will enable us to get a better understanding about the
validity and the applicability of density wave theory to observational evidence. It will help
us get an overall picture of the disk material distribution process and the evolution process
of galaxies.
Since resonance locations are stable regions within the disk they act as nodes in a
standing wave pattern, hence contributing to the visible structural features of the galaxy.
Studying the co-rotation radius and the other resonance locations provides us with interesting
insights into the dynamical nature of the galaxy structure. Revising and developing new,
less time consuming, simpler methods to identify RCR regions helps improve existing RCR
measurement data. It is also interesting to note that, co-rotation resonance is often associated
with galactic scale habitable zones; hence undoubtedly the present study may be an asset in
the quest in search of habitability.

1.3

Motivation for the study

There are many studies in the literature searching for age gradients across spiral
arms using different morphological traces. We too performed a detail investigation focused
on pitch angle measurements of different traces. Using 3.6 µm, B-band, 8.0 µm, FUV
wavebands and using 41 nearby galaxies we were able to show the pitch angle dependence
with the wavelength clearly. The results of this initial study were published in Pour-Imani
et al. (2016). The different wavebands were selected to trace different components of the
spiral arms; B-band to observe the relatively young stars recently born in the density wave,
3

Figure 1.1 Predictions of density-wave theory for spiral-arm structure with old stars, blue
stars, gas, and dust. On the left is a scenario where star formation occurs after gas clouds
pass through the minimum of the potential of the density wave. On the right is a scenario
in which star formation occurs as the gas clouds approach this minimum of the potential
(adopted from Pour-Imani et al. (2016)).
FUV for short lived bright O-type stars (also born in the density wave), 8.0 µm for dust
lanes (associated with the star-forming region close to the density wave) and 3.6 µm for the
old stellar disk population or the reddest stars born in the density wave. Figure 1.1 shows
a schematic diagram adopted from Pour-Imani et al. (2016) depicting the predictions from
density wave theory. Following up this primary study we further expanded the wavebands
by including Hα and U-band. This addition further bolstered our claim that pitch angle
depends on wavelength and the results were published in the Miller et al. (2019). Table 1
adopted from Miller et al. (2019) shows the pitch angle variation with the wavelength for six
different bands. Pitch angle measurements were done by 2DFFT (Seigar et al., 2008),(Davis
et al., 2012) and Spirality (Shields et al., 2015).
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9.20 ± 0.83
7.51 ± 3.81
7.54 ± 3.49
31.20 ± 4.80
19.35 ± 1.57
18.77 ± 1.66
5.13 ± 0.43
16.19 ± 1.23
18.30 ± 3.45
17.67 ± 2.34
18.95 ± 2.69
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18.43 ± 3.12
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18.76 ± 3.10
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NGC 2976
NGC 3031
NGC 3184
NGC 3190
NGC 3198
NGC 3351
NGC 3521
NGC 3621
NGC 3627
NGC 3938
NGC 4254
NGC 4321
NGC 4450
NGC 4536
NGC 4569
NGC 4579
NGC 4725
NGC 4736
NGC 5055
NGC 5474
NGC 5713
NGC 7331
NGC 7793

P (8.0 µm)
(6)

P (H-α)
(7)

19.76 ± 2.08 20.60 ± 2.28
—
52.90 ± 8.10 20.10 ± 4.69 25.16 ± 3.40
11.62 ± 2.70 9.50 ± 1.28 12.10 ± 3.10
35.50 ± 1.30 44.13 ± 11.94
—
20.33 ± 2.10 28.52 ± 6.73 28.07 ± 2.80
18.68 ± 3.40 22.25 ± 2.42
—
9.80 ± 1.30
8.36 ± 0.40
—
19.70 ± 1.50 20.54 ± 2.21
—
11.27 ± 4.50 23.40 ± 3.27 23.45 ± 1.90
26.75 ± 7.02 18.35 ± 4.43
—
20.46 ± 4.10 20.59 ± 5.95
—
17.45 ± 1.60 22.21 ± 6.96 20.89 ± 5.10
21.8 ± 1.90 21.48 ± 2.19
—
21.30 ± 2.98 20.81 ± 2.72
—
53.10 ± 4.20 18.59 ± 2.85
—
23.50 ± 2.59 19.34 ± 3.80 23.39 ± 3.30
39.32 ± 6.92 32.8 ± 1.45 33.40 ± 4.50
23.17 ± 3.10 24.46 ± 3.76 21.18 ± 2.50
21 ± 2.00
21.2 ± 3.87
—
52.30 ± 1.90 52.22 ± 2.42 52.37 ± 4.80
22.21 ± 3.6 38.55 ± 6.44
—
14.30 ± 1.60 30.73 ± 4.73 32.74 ± 4.10
9.49 ± 2.50 10.80 ± 1.04 15.59 ± 4.90
16.31 ± 1.29 14.09 ± 5.11
—
19.10 ± 4.80 20.63 ± 2.11 21.22 ± 2.21
18.62 ± 6.57 19.12 ± 3.22
—
20.81 ± 3.80 34.79 ± 5.01 30.37 ± 4.10
19 ± 1.70
21.65 ± 2.15
—
14.47 ± 3.30 16.34 ± 5.47 17.80 ± 3.90

P (u-band)
(5)
21.43 ± 1.42
29.68 ± 3.75
16.25 ± 2.3
45.80 ± 2.97
23.54 ± 0.78
23.26 ± 2.31
10.68 ± 1
20.14 ± 1.90
26.75 ± 0.55
—
23.98 ± 1.84
27.17 ± 2.11
24.81 ± 2.04
20.34 ± 1.98
40.29 ± 1.60
21.45 ± 1.87
38.66 ± 3.91
28.49 ± 1.26
22.99 ± 5.43
55.59 ± 2.75
42.11 ± 5.80
33.98 ± 3.69
13.6 ± 1.92
14.98 ± 2.31
20.29 ± 5.87
19.91 ± 2.65
27.40 ± 1.20
22.54 ± 2.41
16.89 ± 1.87

P (F U V )
(8)
32.3
53.1
46.2
34.3
49.8
62.5
54.8
55.3
20.3
43.1
71.5
41.6
66.1
49.3
61.8
22.7
38.3
33.2
49.1
59.1
63.2
43.4
48.2
33.1
55.9
46.2
29.7
67.6
53.9

IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
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IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
IRAC,
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IRAC,
IRAC,
IRAC,
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IRAC,

NOT, GALEX
PAL, KPNO2, GALEX
LCO, duPont, 2MASS, GALEX
KPNO, duPont, GALEX
LCO, 2MASS, Palomar, GALEX
LOWE, Palomar, GALEX
KPNO, SDSS, GALEX
JKY, GALEX
KPNO, NOT, 2MASS, GALEX
CTIO, SWIFT
CTIO, SDSS, GALEX
CTIO, SDSS, KPNO2, GALEX
CTIO, SDSS, GALEX
ESO, GALEX
KPNO, SDSS, GALEX
LOWE, 2MASS, GALEX
INT, 2MASS, GALEX
KPNO2, 2MASS, GALEX
LOWE, GALEX
KP, SDSS, KPNO2, GALEX
PAL, SDSS, GALEX
KPNO, SDSS, KPNO2, SWIFT
KPNO4, SDSS, KPNO2, GALEX
PAL, GALEX
PAL, 2MASS, GALEX
JKY4034, GALEX
CTIO, 2MASS, GALEX
KPNO, GALEX
ESO, CTIO, 2MASS, GALEX

Inclination Image Source
(9)
(10)

Note. — Columns: (1) Galaxy name; (2) Hubble morphological type; (3) Pitch angle in degrees
for 3.6 µm; (4) Pitch angle in degrees for B-band 445 nm; (5) Pitch angle in degrees for u-band
355 nm; (6) Pitch angle in degrees for 8.0 µm; (7) Pitch angle in degrees for H-α; (8) Pitch angle
in degrees for Far ultraviolet (FUV) 151 nm; (9) Inclination angle in degrees for 3.6 µm; (10)
Telescope/literature source of imaging.

P (B-band)
(4)

P (3.6 µm)
(3)

Type
(2)

Galaxy Name
(1)

Table 1.1 Data Sample

As expected for any study of this nature there were mixed responses by different
authors. In particularly Yu & Ho (2018) queried a few of our pitch angle measurements,
observing that in a handful of cases there were disagreements with their values. Upon
closely re-examining our work we refined some of our methods to include composite images
to better incorporate the biasing effects of multiple wavelength image data (this work was
largely carried out by the present author). There were only three values which appreciable
changed due to this error. Yu & Ho (2018) also emphasized on the location of the 3.6
µm spiral arm. Although most of our results show 3.6 µm downstream (azimuthally away
from the spiral arm along the flow direction of disk particles) of the density wave there is
considerable debate in the literature on the exact location of the 3.6 µm band. Some claim
to see it downstream of the density wave while others claim to find it upstream (azimuthally
away from the spiral arm along the opposite side of the disc particle flow direction). A
downstream 3.6 µm spiral arm may depict newly formed redder stars migrating away from
the birth cites while an upstream 3.6 µm arm may be due to compression of population of
old disk stars by the density wave. This compression of the old disk stars may extend across
the width of the spiral arm influencing both up and down streams of the spiral arm, hence it
is difficult to isolate the old stellar population that was created by the star formation process
at the spiral arm density wave. Due to this ambiguity in locating the relevant old stellar
population it is often difficult to see the expected age gradient clearly.
The motivation for the work compiled in this thesis derives from the initial contributions we made to the studies Pour-Imani et al. (2016) and Miller et al. (2019). The pitch
angle dependence with wavelength inspired us to search for spiral arm crossings in image
overlays which led us to the first project: “Determining the Co-Rotation Radii of Spiral
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Galaxies Using Spiral Arm Pitch Angle Measurements at Multiple Wavelengths”. We believe that the success of this project in measuring co-rotation radii accurately is convincing
evidence of that the conclusions adopted in these earlier papers was correct. The disagreements in literature on the location of the 3.6 µm arm led us to the use of stellar clusters for
age gradient analysis which eventually progressed to our second project:“Evidence in favor
of density wave theory through star formation history maps and spatially resolved stellar
clusters ”. This approach of using stellar clusters eliminates tracer issues discussed above
and since dust extinction calibrations were also performed in the age estimates the cluster
populations are ideal candidates for our age gradient analysis. Our third project “Finding
resonance locations and co-rotation radii using spiral arm amplitude modulations ” was simply an extension of our initial project focusing on developing multiple methods to identify
co-rotation radii. Again the concordance of the different methods which we employed to find
co-rotation radii in our sample galaxies gave us increased confidence that our new overlay
method is based upon sound principles.

1.4

Structural components of a galaxy

Before we begin our analysis on the theories that govern the formation of galaxies, it
is important to have an overall idea about the different types of galaxies and structural components of a typical galaxy. The Hubble sequence, the morphological classification scheme
that categorizes galaxies, defines three broad families of galaxies; namely ellipticals, irregular
and spirals. Spirals can be further subdivided in to normal spirals and barred spirals.
At the heart of each galaxy, there exists a super-massive black hole. Close to the
galactic center stars travel at very high velocities orbiting the black hole. As you move further
7

Figure 1.2 NGC 1365 with the different structural components named. Image credit:
ESO/IDA/Danish 1.5 m/ R. Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron. Zoomed
image shows the central region of NGC 1365 (Image credit: ESO/TIMER survey). The
texts were added over the original images to clearly indicate the structural components.
stars are confined to a roughly spherical region known as the central bulge. Extending from
the bulge, the stars and the interstellar gas are confined to a circular disk. The disk can
further be dissected in to a thin disk and a thick disk. The youngest stars, gas and dust from
which stars are formed are found in the thin disk. The thin disk is embedded in a thicker
but more diffuse disk of older stars.
Spiral arms are regions with higher disk densities, usually highly visible due to the
bright ongoing star formation. These spiral arms usually extend from the bulge and in
bared galaxies a central bar feature is visible. Spiral arms often bifurcate into two or more
branches. Spurs/feathers are shorter features in comparison to branches. Figure 1.2 depicts
NGC 1365 along with the different structural components named.
8

Figure 1.3 right: NGC 4565, a beautiful edge on galaxy with a clear bulge and a disk. left:
NGC 4565 along with a representation of the stellar halo and the dark matter halo (Not
to scale). Texts and the graphics were added to illustrate the different components of the
galaxy. Image credits: Bruce Hugo and Leslie Gaul, Adam Block (KPNO Visitor Program),
NOAO, AURA, NSF
The disks and the nuclear bulge are embedded in a spherical halo of very old faint
stars. Most of the globular clusters are also found in this halo. The mass of a typical galaxy
extends beyond the visible structures forming a large spheroid known as the dark matter
halo. Figure 1.3 shows the edge-on galaxy NGC 4565 with a clear view of the bulge and the
disk. The left image of Figure 1.3 depicts a representation of the stellar halo and the dark
matter halo along with NGC 4565.

1.5

Density Wave Theory

The density wave theory was developed as an attempt to explain the mechanism
of the spiral pattern formation. Through the optical study of stellar kinematics near our
solar neighborhood Lindblad (1927) showed that the flattening of the galactic disk is due
to differential rotation and this holds true for other galaxies too. This led to an interesting
question regarding the persistence of the spiral structure in the long run. Famously know as
the “winding problem”, it predicted that the material spiral structure would collapse within

9

a few galactic rotations.
Insights from Lindblad (1960) led to the pioneering work by Lin & Shu (1964, 1966);
Lin et al. (1969) formulating the basis for a theory of the spiral structure. It was an attempt to
overcome the winding dilemma and to explain the large scale formation of spiral patterns. In
contrast to the material arm perspective, in the density wave framework the spiral structure
is considered as a quasi-stationary density wave pattern. The theory considers the role
of (I) Stars: their gravitational forces, velocity dispersions and circular velocities, (II) The
interstellar gas: the gravitational field and pressure (III) The magnetic field: which interacts
the highly conducting interstellar gas.
The theory starts with an idealized model with a mass concentration in an infinitesimally thin disk with a surface density approximated to the expected density of the disk.
Considering a cylindrical coordinate system, the gravitational potential of the galaxy is modeled as a sum of a stationary axisymmetric part and a non-stationary, nonaxisymmetric part
due to gravitational perturbation (Shu, 2016).

V (ω, φ, z = 0, t) = V0 (ω) + V1 (ω)ei(ωt−mφ)
Here ω is the mean distance from the galactic center, ω is the angular frequency and
m is a positive integer. The ω can be written in the form

ω = mΩp − iγ
with Ωp being the pattern speed and γ denoting the growth rate. The assumption
of the quasi-stationary spiral structure (QSSS) treats γ << mΩp giving rise to a constant
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global pattern speed. If the disturbance potential has an amplitude and a phase, we may
add V (ω) = A(ω)eiΦ(ω) giving rise to a gravitational potential of the form

V1 (ω, φ, t) = A(ω)ei[ωt−mφ+Φ(ω)]
The functions A(ω) and Φ(ω) are slowly varying real functions. The lines of constant
Re(V1 ) can be expressed by a family of curves m(φ − φ0 ) = Φ(ω) − Φ(ω 0 ) and the angle
0

of inclination for any given curve is (kω)−1 = (1/m) tan i where k(ω) = Φ (ω) is the wave
number.
The theory treats the total material distribution as a collection of gas and stars. The
distribution of stars are governed by the laws of stellar dynamics and the gas dynamics
dictate the distribution of gas. The dispersion relation for a thin fluid disk can be written
in the form

(ω − mΩ)2 = c2s k 2 + κ2 − 2πGΣ0 |k|
Where, Ω, Σ0 ,denotes angular frequency and surface density. cs and κ represents
sound speed and epicycle frequency respectively.
Since stars with high velocity dispersions would not fully contribute to the spiral
pattern formation, the effective mass contribution can be written using a reduction factor.
The dispersion relation for a thin stellar disk can be written in the form

(ω − mΩ)2 = κ2 − 2πGΣ0 |k|F(

ω − mΩ σR2 k 2
, 2 )
κ
κ

The σR represents the radial velocity dispersion and F is the reduction factor.
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The radial wave number for neutral density waves can be written in the form

|k(ω)| =

κ2 − (ω − mΩ)2
2πG[σ0 + σ∗ Fν (x)]

Here κ is the epicyclic frequency, σ0 is the density distribution of gas, σ∗ is the density
distribution of the stars and Fν (x) is the reduction factor. Fν (x) is a measurement of the
fractional response of disk stars to the presence of a spiral gravitational potential.

1.5.1

Swing amplification
The swing amplification mechanism was introduced by (Goldreich & Lynden-Bell,

1965; Julian & Toomre, 1966) as means of amplifying the waves for sustaining the quasistationary density waves. In this theoretical approach spiral arms are considered as a superposition of many waves. These spirals generated by swing amplification are transient in
nature, recurrent and capable of turning leading waves in to trailing.
The swing amplification mechanism depends mainly on three ingredients; the disc
self gravity, shearing flow, and the epicyclic motions. Toomre (1981) explains this using a
potion of the disk with two rows of particles. The rows are selected from the inner and
outer edges of the density wave (see Figure 1.4). Self gravity pulls the rows together while
the epicyclic motion with its Coriolis forces would try to curve the path of a star clockwise.
It’s also important to remember that the disk portion we considered undergoes shear (V =
constant) as it rotates resulting in a an overall delay and an additional contribution to self
gravity. Toomre (1981) states that for an arm tilt from −600 to +600 this contribution to
be roughly 56% more than normal. This additional self gravity contribution leads to higher
density resulting in an amplification of the wave.
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Figure 1.4 Figure from Toomre (1981). A small patch cut from a large disk, x points
outwards, y forward and the angle γ denotes how much the pattern trails. The frames are
depicted in equal time intervals.
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1.5.2

Implications of the density wave theory
Lin et al. (1969) examines some implications of the theory with observations per-

taining to our galaxy, the Milky-way. The paper provides some general predictions and
elaborates on some specific observations. The study focuses on

1. The distribution of atomic hydrogen (HI )
2. The systematic motion of gas
3. The distribution of young stars relative to their birthplace
4. The migration of moderately young stars and their origin
5. the role of magnetic fields in the motion of gas

The absence of HII within 4 kpc region from the galactic center, was also a prediction
of the theory. Since spiral patterns are not permissible to exist inside the inner Lindblad
resonances (ILR), observational confirmation on the lack of HII in the galactic center region
served as a success story for the theory.
Assuming a pattern speed in the range of 11 - 13 km s−1 kpc−1 the authors were
able to show a good agreement with the observed distribution of atomic hydrogen and the
predicted spiral pattern. HI regions in the Sagittarius arm and Perseus arm were in desirable
agreement yet disagreements with the Orion arm led them to conclude that the arm is infact an inter arm branch. The systematic motion of gas predicts the existence of a gaseous
arm parallel to the stellar arm. There are many authors who have extensively studied this
phenomena.
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The distribution of young stars and the migration of moderately young stars denotes
the so called “age/color gradient” prediction. A spacial separation between O and B stars
were not clearly visible according to Lin et al. (1969), yet they claimed to predict such a
separation and an age gradient. Since the origin of the theory many authors have searched
for this gradient and the results vary throughout the literature. Shu (2016) gives an update
on the search for age gradients. We too have devoted the third chapter in this thesis in
search of this age gradient.
The non-linear compression of the interstellar medium and the embedded magnetic
fields, is one of the earliest successful predictions of the theory (Shu, 2016). Lin et al. (1969)
also predicts that closer examination of the spiral structure should reveal three specific lanes.
(i.) a lane depicting a high concentration of gas and dust, (ii.) a lane of brilliant newly
formed stars and (iii.) a lane of dying O stars. This forms the basis for our multi-wavelength
image analysis, which focuses on the variation of pitch angle with the change of the observing
image wavelength. The details of this study is reported in the second chapter of the thesis.
We were able to see this change of pitch angle with the change of wavelengths and was able
to successfully predict the most probable co-rotation radii for twenty nearby galaxies. The
vary existence of a co-rotation radius is a consequence of the constant global pattern speed
demanded by the quasi-stationary spiral structure hypothesis.

1.6

Global Mode Theory

Since the classical quasi-stationary density wave theory relies on a WKB approximation, it has limitations and cannot be applied to galaxies with loose pitch angled spiral arms
(long waves). It also fails to predict the number of spiral arms and the reason behind the
15

existence of trailing and leading waves.
As an attempt to answer these questions a collective effort from Lau et al. (1976),
Bertin et al. (1989b), Bertin et al. (1989c), Lowe et al. (1994) led to the development of global
mode theory. In the global modal approach, galactic spiral arms are viewed as a product of
gravitationally unstable eigen-oscillations of the disk. As a rough example this is analogous
to studying the oscillation behaviors of a stretched membrane. When you apply a force to a
stretched membrane, the observable patterns depend on the tension of the material and the
force you apply. Similarly in the galactic disk, the disk density and the velocity dispersion
distributions determines the observable patterns. Unlike the stretched membrane in the
galactic disk there are longitudinal waves and transverse waves. As a result spiral arms are
formed and the galactic disk warps.

1.7

Stochastic, Self-Propagating Star Formation Model

This model explains the formation and the ordering of the large scale spiral structure
as a consequence of small scale local processes. Proposed by Mueller & Arnett (1976) and
Gerola & Seiden (1978), the theory explains this process as a chain reaction of star formation
in which shock waves from supernovae explosions induce the star formation of neighboring
stars. According to the theory for a differentially rotating disk this chain reaction is capable
of creating the spiral features. It is often argued that SSPSF is incapable of producing large
scale long lasting spiral patterns but rather only localized effects.
Gerola & Seiden (1978) explains the theoretical model consisting of a two dimensional
disk divided in to N rings. Each ring was further divided in to cells such that each cell in
an array had the same area. If it is assumed that the rings rotate in differential motion,
16

Figure 1.5 Figure from Gerola & Seiden (1978). The evaluation of two model galaxies.
The top three are for the rotation curves of M101 and the bottom three are for M81. The
number below refers to the age in time steps where each time step equals to 15 million years.
cells closer to the bulge rotate with a higher angular speed than those that are further from
the bulge. Due to the differential rotation, the neighboring cells continue to change over
time. In the process of creating the model, they assumed an initial state of the galaxy with
a randomly populated 1% of the cells with bright young stars. The initial model consists of
five parameters, namely; the number of rings (N), the refractory period (τr ), the spontaneous
probability (Psp ), the stimulated probability (Pst ), and the relative angular rotation curve.
Simply by considering different variations of these parameters they were able to reproduce
spiral structures agreeable with the observations (see Figure 1.5).
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1.8

Tidally induced Spirals

The idea of tidal interactions between galaxies capable of inducing spiral structure
formation dates back to 1940s with the preliminary work by Holmberg (1941). The idea
became more popular during the 1960/70s and the extensive work of Toomre & Toomre
(1972) showed that bridges and tails can be produced by tidal interactions. There were also
discussions on the nature of these tidally induced spiral arms; do they form material arms
or do they favor the density wave framework. Further numerical simulations showed that
these arms were in-fact driven by density waves.
Galaxies such as M51 & M81 are clearly interacting with close companion galaxies
and therefore it is highly likely to have a mutual influence due to tidal perturbations. Figure
1.6 is adopted from Figure 1 in Dobbs & Pringle (2010), showing M51 interacting with its
perturbing galaxy.

1.9

Few more theories

At this point, it seems appropriate to have a look at a few more alternative theories
and ideas. The idea that spirals are driven by central bars can be supported by the large
number of grand designs found with central bars. Yet, we do not have convincing evidence to
support the idea that the spirals were created due to the influence of the bars. The mutual
relationship between a bar and a spiral is also questionable. Some claim that the bars and
spirals have common pattern speeds, while there are other claims that the pattern speeds
are independent from each other. It is also possible that the pattern speeds can be coupled.
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Figure 1.6 Figure from Dobbs & Pringle (2010). Numerical simulation of M51 interacting
with it’s companion. The white dot denotes the location of the companion perturbing galaxy
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Romero-Gómez et al. (2009), explain the formation of spiral arms in bared galaxies
and outer rings using chaotic orbital motion driven by invariant manifolds which are associated with the periodic orbits around hyperbolic equilibrium points. In other words, barred
spirals have some stellar orbits escaped from the unstable Lagrangian points. These orbits
are along the direction of the bar major axis outside the bar. They claim that the spiral
arms and rings are associated with the presence of these hetero/homo-clinic orbits. Unlike
the stationary density wave theory scenario, stars in these orbits move along the spiral arms.
They treat the orbits similar to the methods used to compute transfer orbits in celestial mechanics. In this Manifold theory different morphologies are derived from different dynamical
parameters of galaxies.
Khoperskov et al. (2013) proposed an alternative approach of spiral arm generation
via asymmetries in the dark matter halo. They predict that asymmetries in the dark matter
halo are capable of inducing gravitational instabilities in the disk provoking spiral features
in the disk.

1.10

Thesis Outline

The contents of this doctoral thesis is comprised of my lead author publications in
the Monthly Notices of the Royal Astronomical Society (MNRAS) published by the Oxford
Journals. All necessary copyright permissions were obtained prior to the submission of this
thesis.
The Chapter 1, “Introduction” elaborates on the main objectives, the significance of
the study and gives an overview summary on the Density Wave Theory. The chapter also
highlights some other theories of spiral structure formation.
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In Chapter 2, the focus is on the co-rotation radius, an implication of the QSSS
hypothesis in the Density Wave Theory, concerning the requirement of a constant global
pattern speed. The chapter comprises of a published journal article at the Monthly Notices
of the Royal Astronomical Society (MNRAS), titled “Determining the co-rotation radii of
spiral galaxies using spiral arm pitch angle measurements at multiple wavelengths” Abdeen
et al. (2020).
Chapter 3, titled “Evidence in favor of density wave theory through star formation
history maps and spatially resolved stellar clusters” is based on a manuscript that has been
submitted to the Monthly Notices of the Royal Astronomical Society (MNRAS) and currently
is in review.
In Chapter 4, we re-examine the co-rotation radius and other resonance locations
using spiral arm amplitude modulations. The chapter focuses on different methods to identify
the co-rotation radius using existing techniques, new methods and software. The contents
of the chapter has not been published yet, but we hope to publish in due course.
Chapter 5, concludes the thesis with an overall summary revisiting all the chapters
and presenting the concluding remarks. It also elaborates on possible future improvements
and suggestions.
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Chapter 2

Determining the Co-Rotation Radii of Spiral Galaxies Using Spiral Arm Pitch
Angle Measurements at Multiple Wavelengths

Shameer Abdeen1 , Daniel Kennefick1,2 , Julia Kennefick1,2 , Ryan Miller3 , Douglas W.
Shields1,2 , Erik B. Monson1 and Benjamin L. Davis4
1
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Street, Fayetteville, AR 72701, USA
2

Arkansas Center for Space and Planetary Sciences, University of Arkansas, 346 1/2
North Arkansas Avenue, Fayetteville, AR 72701, USA
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Department of Physics, Utica College, 1600 Burrstone Rd, Utica, NY 13502, USA
Centre for Astrophysics and Supercomputing, Swinburne University of Technology,
Hawthorn, VIC 3122, Australia
4

The spiral arms spanning disk galaxies are believed to be created by density waves
that propagate through galactic disks. We present a novel method of finding the co-rotation
radius where the spiral arm pattern speed matches the velocities of the stars within the
disk. Our method uses an image-overlay technique, which involves tracing the arms of spiral
galaxies on images observed in different wavelengths. Density wave theory predicts that
spiral arms observed from different wavelengths show a phase crossing at the co-rotation
radius. For the purpose of this study, 20 nearby galaxies were analyzed in four different
wavelengths with pitch angle measurements performed by two independent methods. We
used optical wavelength images (B-band 440nm), two infrared wavelength images provided
by Spitzer (3.6µm and 8µm) and ultraviolet images from GALEX (1350Å, 1750Å). The
results were compared and verified with other records found in the literature. We then
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found rotation curve data for six of our galaxies and used our co-rotation radii estimates to
measure the time that would elapse between star formation and moving to their observed
positions in the B-band spirals. The average time lapse for this motion was found to be ∼
50 Myr. The success of this new method of finding the co-rotation radius confirms density
wave theory in a very direct way.

2.1

Introduction

The density wave theory, introduced by C.C. Lin & Frank Shu Lin & Shu (1964, 1966);
Lin et al. (1969) proposed a theoretical explanation for the existence of spiral structures in
galaxies due to long lived quasi-stationary density waves. Subsequent development of the
theory has focused on the highly dissipative nature of the galactic disk, which casts doubt on
the semi-permanence of the spiral patterns envisaged by the original theory (Toomre, 1969).
Numerical simulations of density waves in disks have especially fostered the view that spiral
patterns created by density waves may be transient in nature (Sellwood & Carlberg, 1984),
possibly lasting only as long as one or two rotations of the galactic disk (recall that the Milky
Way has a rotation period of 250 Myr). Nevertheless some simulations continue to suggest
that spiral patterns could be quite long-lived, lasting many rotational periods (Sellwood,
2012; Sellwood & Carlberg, 2014).
It is not only theorists who disagree on this topic. Observational studies have also
contradicted each other upon this point. Foyle et al. (2011) point out that the absence of
color gradients in the spiral arms of galaxies would suggest that the density waves are too
transient to permit time for such gradients to develop. But the work of Martı́nez-Garcı́a &
González-Lópezlira (2015) does find evidence for such color gradients and they argue that
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the spiral arms must be long-lived. Grosbol & Patsis (1998) also found systematic variations
in pitch angles consistent with the density wave theory. Evidence for these color gradients is
presented in Pour-Imani et al. (2016); Miller et al. (2019) using a different approach, which
demonstrates that the spiral arm pitch angle in wavebands associated with star-formation
is consistently larger than those associated with the stellar population. This suggests that
new-born stars are found downstream of the star-formation region in a manner consistent
with the density-wave theory. A study by Yu & Ho (2018) with a large number of galaxies
strongly confirms this picture and agrees with the work of Martı́nez-Garcı́a & GonzálezLópezlira (2015). Pour-Imani et al. (2016) also agrees with theirs in broad outline (but see
Section 4.2 below for one significant detail where they differ).
In this paper, we seek to take advantage of this discovery to further explore the
nature of the spiral structure. We show how overlaying the different spiral arms, from the
star-forming region and from the stellar arm enables us to find the co-rotation radius (RCR )
of a galaxy. Then, for those galaxies for which rotation curves are available, we calculate
the time that elapses between stars being born in the star-forming region and then being
observed downstream in the B-band. This time is found to be a significant fraction of
the rotational period of a galaxy, thus suggesting, in agreement with Martı́nez-Garcı́a &
González-Lópezlira (2015), that the spiral arms cannot be extremely transient.
Due to the differential rotation of the disk, stellar populations move faster than the
spiral arm density wave inside the co-rotation radius, while they lag behind the spiral arm
density wave outside the co-rotation radius. The general motion of stellar populations about
the galactic center can be considered as a motion along an axially symmetric gravitational
field, and with a proper selection of an appropriate reference frame, one can express this as
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an epicyclical motion. The inner Lindblad (ILR) and the outer Lindblad (OLR) resonances
are defined in terms of this epicyclic frequency. The pattern speed (Ωp ) and the angular
velocity of the disk Ω(R) are related to the epicyclic frequency κ by the equation, Ωp = Ω(R)
± κ/2, where the plus and minus signs give the ILR and the OLR, respectively.
Identifying the location of the co-rotation radius is of central importance to understanding the evolution of the spiral structure. Since the co-rotation radius acts as a region of
resonance or a stable region within the galaxy structure, it has a dynamical influence on the
matter and the chemical composition distribution process of the galaxy (Scarano & Lépine,
2013). The region of stability around the co-rotation radius creates an ideal environment for
a Galactic habitable zone (GHZ) e.g. Marochnik (1983); Sundin (2006).There are multiple
papers (Creze & Mennessier, 1973; Mishurov & Zenina, 1999) among others, that claim to
find the location of the Sun close to the galactic co-rotation radius of the Milky Way.
There are many methods of identifying the co-rotation radius. The Tremaine-Weinberg
method (Tremaine & Weinberg, 1984) hereafter TW, requires certain specific morphological
features along with the assumptions (a) the disc of the galaxy is flat, (b) the disc has a
well-defined pattern speed, and (c) the surface brightness of the tracer obeys the continuity
equation. The TW method directly measures the bar pattern speeds. Using the TW method
some authors (Merrifieldet al., 2006; Grand et al., 2012) have claimed to observe multiple
spiral arm pattern speeds that vary with the radius from the galactic center, which may
result in observing multiple co-rotation radii.
Finding the co-rotation radius from morphological features is also a common technique. Elmegreen &Elmegreen (1990) claimed to observe sharp end points to star formation
ridges and dust lanes near the co-rotation radius in gas-rich galaxies. Roberts et al. (1975)
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estimated the co-rotation radii by considering the radial extent of three tracers: the prominent spiral structure, the easily visible disk, and the distribution of HII regions. Patsis
et al. (2003) claimed that rings in spiral galaxies can be related to resonance locations.
Scarano & Lépine (2013) analyzed the relationship between the galactic radius where
the metallicity distributions break and the co-rotation radius. Type II supernovae explosions
associated with spiral arm density wave propagation are directly responsible for oxygen
production. By analyzing oxygen abundance from line fluxes, they were able to find a
convincing relationship between the co-rotation radius and the metallicity distribution break
radius.
The Puerari & Dottori method (Puerari & Dottori, 1997) hereafter PD, uses a photometric method to find the phase crossings in Fourier transforms of azimuthal profiles in
B and I bands. The motion of the spiral arm density wave through the galactic disk generates a shock induced star formation process that produces an azimuthal age gradient of
stars throughout the spiral arm. Martı́nez-Garcı́a et al. (2009) claimed to observe this age
gradient in the form of a color gradient flowing azimuthally outwards across the spiral arm
flowing in opposite directions on either side of the RCR . Throughout history B, I, HI, CO
and F U V wave bands have been used in order to observe this phase shift. Egusa et al.
(2009) used CO and Hα images to estimate the pattern speeds and the co-rotation radii.
In agreement with the PD method, we were able to introduce a novel way of determining the co-rotation radius, based on an image overlaying technique, which involves tracing
the arms of spiral galaxies on images observed from different wavelengths. In a previous
study (Pour-Imani et al., 2016), convincing evidence was given in favor of an implication of
density wave theory, that deals with the variation of pitch angles with wave lengths, which
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is simply a consequence of the constant pattern speed. Thus we have different apparent
spiral arms at different wavelengths. Since these spiral arms have different pitch angles, it
is possible for them to cross over each other when they are overlaid on the same image of
the galactic disk. Theoretically, based upon a straightforward interpretation of the density
wave theory, the crossing points should give the co-rotation radius. In reality, it is difficult
to observe this as a single point. Gittins & Clarke (2004) emphasize this in their study. In
our method we estimate a range based on the crossing points and the uncertainties of the
pitch angles. We then identify the mean location to denote the most probable location of
the RCR . Below we measure the co-rotation radius by this method and compare it to other
methods which have been used for our sample and find it is successful at correctly measuring
the position of this radius.
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Hub*
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Tully-Fisher
Hub*
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[1],[2],[3],[5]
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[1],[2],[3],[7]
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[1],[3],[13]
[1],[2],[12]
[1],[2],[12]
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(7)

Note.
— Image Sources (Telescope/wavelength):
[1]=IRAC 3.6µm,[2]=IRAC
8.0µm,[3]=GALEX 1516Å,[4]=GALEX 1542Å,[5]=NOT 4400Å,[6]=LCO 4400Å,[7]=WIYN
4331Å,[8]=KPNO 4400Å,[9]=INT 4034Å,[10]=CTIO 4400Å,[11]= duPont 4400Å,[12]=JKT
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NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

Galaxy Name
(1)

Table 2.1 Data Sample

2.2

The Data Sample

The accuracy of our method relies on three cardinal criteria. (a) The inclination of the
galaxy. If the galaxy has a very high inclination angle, most of the crucial details will be lost
in the de-projection process. We selected our galaxies such that the inclination angles are ≤
60◦ . (b) Well defined spiral structure. The overlaying technique requires the galaxy sample
to have a well-defined, clear spiral structure in order to accurately overlay the synthetic
spirals. (c) The variation of the spiral arm pitch angle with the galactic radius remains
constant for a significant proportion of the galactic radius. Although we assign a mean value
for the pitch angle, the extent to which the spiral arms are intrinsically logarithmic plays a
vital role in this criterion. The assumption of spiral arms are precisely logarithmic, has been
investigated thoroughly in the literature. Elmegreen et al. (1989), del Rı́o & Cepa (1999),
Steiman-Cameron et al. (2010), Davis et al. (2012) are a few of those who have discussed and
used this assumption in their work. However, Kennicutt (1981) has noted strong deviations
from logarithmic spirals while Savchenko et al. (2020) have acknowledged the deviations and
quantified the radial variation of pitch angles. Often interior parts of the galaxy have shown
excellent agreement with the logarithmic assumption, while outer parts tend to deviate. In
our sample we have found the departure from logarithmic structure to be the exception rather
than the norm. In this case we are comparing pitch angle measurements for the same galaxy,
imaged at different wavelengths. The most common departure from logarithmic behavior
is a tendency for spiral arms to tighten in the outer reaches of the disk, by a few degrees.
Theoretically we would expect this behavior to be consistent across the different wavebands.
We could have excise the outer parts of all the galaxies in our sample but preferred not to
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throw good imaging data away unnecessarily.
Our galaxy sample (see Table 1.1) was selected based on the availability of co-rotation
radii measurements in the literature, along with considering the above mentioned criteria.
Twenty nearby galaxies were analyzed in four different wave bands. Twelve galaxies were
selected from the galaxy sample of Scarano & Lépine (Scarano & Lépine, 2013) while the
remaining eight galaxies were selected from Buta & Zhang (2009). We used optical wavelength images (B-band 440nm), two infrared wavelengths (3.6µm and 8µm) from the Spitzer
Infrared Nearby Galaxies Survey (SINGS) 1 , and ultraviolet images from Galaxy Evolution
Explorer (GALEX) 2 . For 12 galaxies, the distances were recorded based on the compilations
of Scarano & Lépine (Scarano & Lépine, 2013). Our galaxy sample was limited to a distance
of 36.8 Mpc (z = 0.007942), where NGC 7479 had the furthest recorded distance.

2.3

Analysis

2.3.1

De-projecting and Measuring Pitch Angles
Galaxies with non-zero inclination angles between the plane of sight and their disks

had to be de-projected to a face-on orientation. Since we were working with four different
wavelengths, we first created a composite image. Using the composite image we used the
traditional approach of fitting elliptical isophotes and then transformed them to a circular
configuration. We used the de-projecting parameters of the composite image, namely the
position angle and the ellipticity and applied them to each individual wavelength image.
Although outer envelopes of galaxies can have different shapes (Rich et al., 2019),
1
2

https://irsa.ipac.caltech.edu/data/SPITZER/SINGS/
https://archive.stsci.edu/missions-and-data/galex-1/
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when elliptical isophotes are properly modeled (Ciambur, 2015) by incorporating higherorder Fourier harmonics (which capture the deviations from perfect ellipses), the ellipticity
and hence the inclination can be reliably measured. These deviations from being perfect
ellipses are relatively small for nearly face on galaxies, and Davis et al. (2012) have shown
that small errors in the measured axial ratio of galaxies do not affect the measured spiral
arm pitch angle significantly.
The pitch angle of a spiral is defined as the angle between the spiral’s tangent at a
given point and the tangent line drawn to a concentric circle with the center located at the
galactic center, that passes through that point. Pitch angle measurements were performed
by two independent methods namely 2DFFT method (Seigar et al., 2008; Davis et al., 2012)
and the Spirality (Shields et al., 2015)

3

method. We specifically use the 2DFFT method

described in Davis et al. (2012), which uses a modified two dimensional fast Fourier transform
process, varying the inner radius. It generates the pitch angles as a function of galaxy radius
in pixels for different harmonic modes. Figure 2.1 shows the variation of pitch angle with
radius (galactocentric offsets) in NGC 5194 for the second harmonic mode. NGC 5194 is an
example of a galaxy that has a small relative difference in the variation of the pitch angles
in all four wavelengths, hence giving rise to nearly equal mean pitch angles (see NGC 5194
in Table 2.2) while NGC 628 is an example of a galaxy that has a larger relative difference
in mean pitch angles (see Figure 2.2 and Table 2.2). Visually confirming the accuracy of our
pitch angle measurements, can be done by performing an inverse fast Fourier transformation
(Davis et al., 2012) (Figure 2.3). Spirality is a MATLAB code designed to measure pitch
angles using a template fitting approach. Within the measurement annulus, Spirality uses
3

Spirality: http://ascl.net/phpBB3/download/file.php?id=29
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a variable inner radius method and focuses on a global best-fit pitch. For six galaxies, pitch
angles were adopted from a previous study by Pour-Imani et al. (2016), which had also used
the same techniques to measure the pitch angles. The results were visually verified again by
using a Python script (spiral overlay.py, hereafter OL Script) 4 .

2.3.2

Astrometric Accuracy
Astrometric precision plays a vital role when overlapping images of different wave-

lengths and analyzing their characteristics. Figure 2.4 represents the offset distributions of
point sources in NGC 5194, each wave length compared against, B-band. As the initial
process, point sources were identified in each image using the DAOStarFinder class of the
photutils package in Astropy. DAOStarFinder uses the DAOFIND (Stetson, 1987) algorithm which searches images for local intensity maxima with peak amplitudes greater than
a given threshold value. After identifying the point sources, we searched for common points
which were detected in both wavelengths. Once we have a list of common point sources, we
can find the relative offsets in ∆RA and ∆DEC. Considering the total data set, the mean
of ∆RA is -0.2109 arcsec and the mean of ∆DEC is 0.0015 arcsec.

4

Python OL Script: https://github.com/ebmonson/2DFFTUtils-Module
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NGC 5194: Pitch Angle Vs Radius
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Figure 2.1 The graph of the pitch angle variation, as a function of radius for NGC 5194.

NGC 628: Pitch Angle Vs Radius
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Figure 2.2 The graph of the pitch angle variation, as a function of galaxy radius for NGC
628. The graphs in figure 1 and 2 were created using the results from the 2DFFT method.

34

Figure 2.3 NGC 5194 along with its inverse 2DFFT output overlaid on the original image.
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Figure 2.4 Measured relative offsets of point sources in NGC 5194, for wavelengths 3.6µm,
8.0µm and F U V , compared against B-band. Considering the total data set, the mean of
∆RA is -0.2109 arcsec and the mean of ∆DEC is 0.0015 arcsec.
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4579
5033
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5701
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7
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38.24
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19.2
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−79
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75
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−44
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−76.98

PA
(3)

P ◦ (B-band)
(5)
13.9 ± 0.6
22.4 ± 1.3
18.2 ± 1.7
24.0 ± 1.0
13.3 ± 2.2
13.5 ± 1.4
12.1 ± 2.2
22.5 ± 1.7
16.1 ± 2.8
18.2 ± 1.2
10.5 ± 2.7
10.2 ± 2.7
10.6 ± 1.3
23.3 ± 1.3
8.1 ± 1.6
7.4 ± 1.5
24.1 ± 1.8
15.7 ± 1.5
27.6 ± 3.4

P ◦ (IRAC 3.6)
(4)
13.6 ± 2.2
20.1 ± 2.2
20.0 ± 1.8
23.6 ± 1.3
12.8 ± 2.3
13.0 ± 0.7
10.1 ± 1.1
21.0 ± 1.7
16.1 ± 2.4
20.4 ± 1.3
7.1 ± 0.5
9.7 ± 2.2
10.6 ± 1.8
22.8 ± 1.2
9.4 ± 1.0
8.5 ± 0.1
22.0 ± 1.0
14.0 ± 1.2
25.9 ± 3.7

12.8 ± 0.7
22.4 ± 1.5
24.2 ± 1.2
12.6 ± 1.2
16.7 ± 2.0
20.5 ± 1.7
14.7 ± 1.7
13.9 ± 4.4
10.5 ± 2.7
11.7 ± 2.0
23.9 ± 1.7
13.2 ± 0.3
24.6 ± 2.0
29.0 ± 2.8

P ◦ (IRAC 8.0)
(6)
12.8 ± 0.6
25.7 ± 1.3
18.9 ± 2.0
24.5 ± 2.3
16.2 ± 5.6
15.7 ± 3.2
20.4 ± 3.6
14.4 ± 1.6
24.8 ± 1.3
12.9 ± 2.5
12.9 ± 1.1
24.1 ± 2.9
10.5 ± 1.4
16.5 ± 3.4
-

P ◦ (F U V -band)
(7)

Note. — Columns: (1) Galaxy name; (2) inclination angle in degrees (3) Position angle in
degrees (4) pitch angle in degrees for Spitzer 3.6 µm; (5) pitch angle in degrees for B-band;
(6) pitch angle in degrees for Spitzer 8.0 µm; (7) pitch angle in degrees for F U V -band;

NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

Galaxy Name
(1)

Table 2.2 Average Pitch Angle Measurements

2.3.3

Tracing the Individual Images
The overlaying technique consists of two main steps. The first step involves tracing

the spiral arms on all four images (corresponding to the four wavebands). This process
was done by two independent methods. One using the above mentioned OL script and
the other utilizing, Spirality; Spiral arm count (Shields et al., 2015) script. In order
to incorporate the uncertainties of the pitch angles each image was traced twice, using the
maximum and the minimum pitch angle uncertainties, giving rise to two image arrays. Since
the tracing was done by using the maximum and the minimum image arrays, the uncertainties
of the pitch angles play a vital role in this phase.

2.3.3.1

Using the Python OL script

The Python OL script generates a graphical interface that enables us to load a
FITS image, along with a synthetic logarithmic spiral placed on a foreground layer. Pitch
angle, phase angle, the chirality (the direction in which galaxies appear to be) and the number
of arms are among the parameters that are available for variation. Since the chirality, the
number of arms, and pitch angles are known (through visual observations and using Table
2.2), the logarithmic spirals with the appropriate pitch angles can be precisely traced over
the actual image by changing only the phase angle (see Figure 2.5 ). The accuracy of
this process depends on the image clarity of the spiral arms and the contrast they show
between the arm and inter-arm regions. As discussed, the extent to which the spiral arms
are intrinsically logarithmic also plays an important role in the tracing process. Since the
overlaying synthetic spiral traces are logarithmic, if the actual spiral structure of the galaxy
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Figure 2.5 Incorporating the uncertainties of the pitch angles, each image was traced twice,
adding the positive and the negative uncertainties, giving rise to two image arrays corresponding to the maximum and minimum pitch angles. The Python OL script was used
to create these images.
has intrinsic deviations from being logarithmic, the overlaying would not be accurate.

2.3.3.2

Using the Spirality; spiral arm-count-script

Spirality, spiral-arm-count (Shields et al., 2015) script is a MATLAB script
that fits logarithmic spiral arms traced over images based on image pixel brightness. As the
name suggests the spiral-arm-count script has the capability of measuring the number
of arms in a given spiral galaxy image. It also produces a graph of phase angle vs median
relative pixel values where the maxima turning points corresponds to the brightest regions
of the spiral arms (see Figure 2.6). Hence each local maximum corresponds to a spiral
arm and the x-axis represents the azimuthal phase angle measured from the origin of the
spiral coordinate system. The best fit of the actual spiral of the galaxy image to the spiral
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coordinate system defines the measured pitch angle. See figure 1 in Shields et al. (2015) for
more details.

2.3.3.3

Trace Accuracy

In order to quantify the accuracy of the tracing process, we defined the measurement
“Trace accuracy”, the ratio of the stable pitch angle region compared with the length of the
spiral arm, expressed as a percentage.

T race accuracy =

(Stable pitch angle region)
× 100%
(Length of the spiral arm)

Higher trace accuracy simply implies a more reliable trace. Since the overlaying
synthetic spiral traces are logarithmic, the extent to which the underlying galactic spiral
arms are intrinsically logarithmic plays a vital role in having a higher trace accuracy. It is
also important to note that well-defined spiral structures tend to have higher trace accuracies
in comparison to flocculent galaxies. In our sample of 20 galaxies, four galaxies showed trace
accuracies less than 40%, while NGC 2403 and NGC 1566 showed the lowest trace accuracies
for all the bands. NGC 2403 has one prominent arm and one fragmented arm, hence it is
categorized as an arm class 4 galaxy according to Elmegreen & Elmegreen (1987). These
fragmented arm segments distort the 2DFFT final results significantly resulting in low trace
accuracies. In the case of NGC 1566, it is one of the exceptional cases in our sample with
significant radial variation in pitch angle. These radial pitch angle variations translate to low
trace accuracies. It is important to note that, even though the pitch angle changed along the
spiral arm, the RCR was located in a region where the pitch angle was relatively constant.
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Figure 2.6 Max and min image arrays produced using the Spirality, spiral-arm-count
script. A graph of phase angle vs median relative pixel values is depicted, corresponding to
each image. The locations of the maxima turning points correspond to bright regions of the
spiral arms.
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2.3.4

Overlaying
Once we have all the individual images traced, the next step is overlaying the images

and identifying the locations where the traced arms intercept each other. This process was
done yet again by two independent methods. The first method involved the Python OL
script, in which all the images were loaded as layers, saving one image at a time as a
image. The second method used the RGB image creating capability of DS9 to construct the
composite images. Individually traced images of different wavelengths were loaded as red,
green and blue images in constructing the composite RGB image, giving preference to the
images that gave the maximum outer extent of the RCR and the minimum inner extent of
the RCR .

2.4

Results

The median radii (depicted by the red circle in the rightmost panels of Figure 2.7)
were calculated by considering the maximum outer extent of the RCR and the minimum
inner extent of the RCR (depicted by the two blue circles in the rightmost panels of Figure
2.7). The RCR results that we obtained using the two independent methods were compared
against the mean values compiled from the literature (see Figure 2.8). The mean values
obtained from the literature are as summarized by Scarano & Lépine (2013) and Buta &
Zhang (2009). We can consider the mean and the standard deviations of the normalized RCR
values as a measurement of the overall accuracy of our results. Defining normalized RCR as

N Rcr (OL : Lit) =
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Rcr(Overlay)
Rcr(Litrature)

Min

Max

NGC 5194 (B-band 4400A)
Using the OL Script

NGC 5194 (B-band 4400A)
Using the Spirality Script and DS9

Figure 2.7 The individually traced images are overlaid in the form of an RGB image using
DS9. The locations in which the traced spiral arms intercept, correspond to the inner and
the outer parts of the co-rotation radius. Note that our co-rotation radius passes through a
region with little star formation (as one would expect) in the southern spiral arm, but not
in the northern one. Nevertheless, it is very close to such a gap in the northern arm.

N Rcr (SP : Lit) =

Rcr(Spirality)
Rcr(Litrature)

For OL Script and Spirality, we found the mean normalized RCR values to be
0.997 and 0.966 respectively. The standard deviations were found to be 0.357 and 0.267 respectively. Although few galaxies (e.g. NGC 5457, NGC 3031) showed significant deviations
from the expected values, most of our results were in agreement with the compiled results.
The final results are summarized in Table 2.3. The very fact that we were able to infer the
RCR locations from this method serves as a compelling evidence in favor of the implications
of density wave theory.
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Figure 2.8 A comparison of co-rotation radii, the blue data points indicates the results from
the Overlaying OL Script method while the red data points indicates the results obtained
from the Spirality: Spiral arm count method. The two results are compared against
the mean values obtained from the literature (as summarized by Buta & Zhang (2009) and
Scarano & Lépine (2013)).
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2.4.1

Time Lapse Calculations
Once we had the co-rotation radius and the individual images with the spiral arms

traced, we used them to estimate the overall time lapse between the motion of young arbitrary stars, born at the density wave, to move to their current locations. The time-lapse
estimations were done using the 8.0µm and B-band traced images of six galaxies in our
sample and using published rotation curves in the literature (Daigle et al., 2006). Since the
8.0µm wavelength images trace emission from the dust and gas dominated regions, we may
use it to portray the current location of the density wave. The B-band images can be used
to locate the newly formed stars that are not obscured by dust. Assuming the azimuthal
motion of the stars along the disk is circular in nature and assuming a constant pattern
speed for the density wave, we analyzed the motion by selecting different radii, both from
inside and outside the co-rotation radius (for a particular example consider NGC 5194, see
Figure 2.9 (left)). Significant spiral perturbation may cause deviations from circular motion,
yet we adopt a straightforward approach with circular orbits, as our primary focus is to set
an approximate lower limit for the timescales. The angular velocity at the co-rotation radius
was used as the global pattern speed of the density wave. The rotation curves were used
to identify the angular velocities (see Figure 2.9 (right)) and hence the relative velocities,
between the orbiting particles and the density wave, corresponding to each radii. Using the
relative velocities, we were able to estimate the overall mean time lapse for this motion (see
Table 2.4). It is important to note that we should exclude the region close to the co-rotation
radius in this process. The overall mean time lapses range from a minimum of 33.61 Myr to
a maximum of 57.80 Myr. The average time lapse for this motion was 48.7 Myr. Depending
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Figure 2.9 (Left) The locations of the selected radii for the time lapse calculations on the
galaxy NGC5194. 10 radii were selected both from inside and outside of the co-rotation
radius. (Right) The rotation curve used, (Daigle et al., 2006).
on the mass of a star, an average B-type star may have a life span of 10-100 million years,
hence our calculations are consistent with the current established predictions.
It is important to mention that although we assumed the spiral structures to have a
constant pattern speed, we did not discuss the validity of this assumption. Peterken et al.
(2019), shows convincing evidence for a constant global pattern speed using Hα regions to
depict the ongoing star formations and considering the offsets with the young stars (less than
60Myr, traced by 4020Å). They found that the pattern speed (ΩP ) varies very little, with
the radius and they further claim that the existence of the constant global pattern speed
can be used as evidence in favor of the quasi-stationary density wave theory.
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NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

0628
3031
2903
4254
5194
5236
5457
1566
4321
5033
6946
1042
4579
5701
5850
3938
4136
7479
7552

Galaxy Name
(1)
4.50 ± 0.68
4.59 ± 0.80
4.86 ± 0.64
11.22 ± 0.78
4.88 ± 1.12
6.63 ± 1.00
11.06 ± 1.9
11.24 ± 3.21
6.81 ± 0.64
9.48 ± 0.24
3.11 ± 0.48
5.20 ± 1.06
6.58 ± 1.49
5.88 ± 0.77
6.57 ± 0.84
6.97 ± 1.17
2.55 ± 0.50
9.27 ± 1.37
5.86 ± 1.47

4.45 ± 0.68
6.61 ± 0.46
3.87 ± 1.02
15.23 ± 3.00
5.31 ± 0.98
6.44 ± 0.61
12.94 ± 2.53
10.78 ± 4.01
8.90 ± 0.75
9.75 ± 0.33
2.26 ± 0.14
4.64 ± 0.63
7.15 ± 1.31
6.86 ± 0.35
8.84 ± 0.38
7.68 ± 1.00
3.51 ± 0.51
9.68 ± 0.80
5.17 ± 0.78

4.6 ± 2
11 ± 2
4.1 ± 0.1
13.6 ± 2.2
5.6 ± 0.6
8.1 ± 2
16.7 ± 2.4
8.8 ± 1.3
10.5 ± 1.3
10.4 ± 0.7
4.2 ± 0.4
6.14∗
6.58∗
6.48∗
6.96∗
6.55∗
1.60∗
10.29∗
4.23∗

Rcr: Mean from Lit. (kpc)
(4)
0.97
0.60
0.94
1.12
0.95
0.79
0.77
1.22
0.85
0.94
0.54
0.76
1.09
1.06
1.27
1.17
2.19
0.94
1.22

N Rcr (OL : Lit)
(5)
0.76
0.54
1.19
1.17
0.87
0.82
0.66
1.28
1.14
0.91
0.74
0.85
1.00
0.91
0.94
1.06
1.59
0.90
1.39

N Rcr (SP : Lit)
(6)

Note. — Columns: (1) Galaxy name; (2) Results from the Overlaying OL Script method;
(3) Results from the Spirality: Spiral arm count method; (4) Mean values obtained from
the literature (as summarized by (Scarano & Lépine, 2013) and * (Buta & Zhang, 2009)); (5)
Normalized Rcr for OL Script vs Mean from Lit N Rcr (OL : Lit) ; (6) Normalized Rcr for SP Script
vs Mean from Lit N Rcr (SP : Lit).

Rcr: SP Script (kpc)
(3)

Rcr: OL Script (kpc)
(2)

Table 2.3 A comparison of our results against mean values obtained from literature

Table 2.4 Time lapse calculations

Galaxy
(1)
NGC
NGC
NGC
NGC
NGC

0628
3031
5194
4321
6946

Rcr: Spirality
(kpc)
(2)

Ωp
(km/s/kpc)
(3)

Mean Relative Velocity
(pc/Myrs)
(4)

Mean Time Lapse
(Myrs)
(5)

4.50 ± 0.68
4.59 ± 0.80
4.88 ± 1.12
6.81 ± 0.64
3.11 ± 0.48

33.51 ± 10.65
40.23 ± 4.87
21.56 ± 6.13
26.21 ± 4.62
51.78 ± 10.00

44.24 ± 15.05
28.24 ± 3.63
26.84 ± 8.35
31.42 ± 5.73
13.63 ± 2.95

33.61 ± 3.84
48.62 ± 2.73
54.62 ± 8.75
43.86 ± 2.69
57.80 ± 3.79

Note. — Columns: (1) Galaxy name; (2) Rcr: Results from the Spirality: Spiral arm
count method; (3) Patern Speed Ωp ; (4) Mean relative velocity of a young arbitrary star
that was born at the density wave (peak intensity isophotes of the 8µm image) to the current
location (peak intensity isophotes of the B-band image); (5) The overall mean time lapses
for the motion of a young arbitrary star that was born at the density wave (peak intensity
isophotes of the 8µm image) to the current location (peak intensity isophotes of the B-band
image).

2.4.2

Comparison with Results from Other Research
Several of the galaxies in our sample previously had pitch angles measured in Miller

et al. (2019). In four of these cases we report different pitch angles than those previously
reported. For instance, in this study we claim the B-Band, 8µm and FUV pitch angles for
NGC 1566 to be 18.2 ± 1.7◦ , 22.4 ± 1.5◦ and 18.9 ± 1.7◦ respectively while Miller et al. (2019)
recorded 31.20 ± 4.80◦ , 44.13 ± 11.94◦ and 45.80 ± 2.97◦ . These discrepancies are mainly due
to differences in the deprojecting parameters (inclination (i), eccentricity (e) and position
angle (PA)) used by us as compared to the earlier paper. The parameter causing the most
trouble is clearly the galaxy’s inclination. For NGC 1566 we have used an inclination of
12.12◦ while Miller et al. (2019) had used 34.3◦ . It is important to note that, inclination
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angles reported in the literature may differ significantly from each other. For an example
for NGC 628, the THINGS survey (Walter et al., 2008) and Tamburro et al. (2008) report
an inclination angle of 7◦ , while HyperLeda

5

database reports a value of 19.8◦ and the

inclination inferred by our calculations from the 2MASS survey (Jarrett et al., 2003) gives
31◦ . In recording the inclination angles, we have used the usual ellipse fitting technique in
the outer diameter of the galaxy to measure the eccentricity (e) and hence used it to calculate
the inclination angle (i). We have compared our values with records found in the literature
and used the most appropriate values.
In the case of NGC 628, the value measured by us is 7◦ , in agreement with the
THINGS survey, while Miller et al. (2019) reports 32.3◦ , which agrees with 2MASS. Our
inspection of the galaxy, after consultation between authors of both papers, concludes that
7◦ is the more likely value and therefore we have used the pitch angle measurements recorded
with that deprojection. For NGC 628, at wavelengths of 8µm and FUV, we have measured
the pitch angle values to be 12.8 ± 0.7◦ and 12.8 ± 0.6◦ respectively, while Miller et al. (2019)
recorded 20.60 ± 2.28◦ and 21.43 ± 1.42◦ respectively. The results of Davis et al. (2012)
suggest that a modest (several degrees) error in inclination angle should not grossly affect
PA measurements but clearly a discrepancy of nearly 20◦ is another matter. Unfortunately,
the literature is not free of discrepancies of that magnitude, as we have learned, but they are
not particularly common. Nevertheless, there are inconsistencies in the literature, not only
for NGC 628 but for NGC 1566 and also for NGC 4254. In each of these cases we have used
inclination angles which differ by 15◦ or more from those used in Miller et al. (2019) and, not
surprisingly, these have resulted in significant differences also in pitch angle measurements.
5

http://leda.univ-lyon1.fr/
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We plan to discuss the implications of this in a forthcoming publication. In this study we use
a composite image to determine the eccentricities and position angles for each galaxy. Not
adhering to consistent deprojecting parameters for each wavelength may cause inaccuracies
in deprojecting. Selection of the radial range for measuring pitch angles may also result in
such discrepancies in pitch angle measurements between different studies. However, these
may cause minor differences in our results.
As we have seen, using spiral arm pitch angle measurements at different wavelengths
as a method to find the co-rotation radius agrees quite well with established techniques.
Naturally, this tends to confirm the existence of a color gradient in spiral arms in disk
galaxies. It lends confidence in our ability to accurately distinguish between the upstream
and the downstream spiral arms. Nevertheless, there are skeptics who doubt the existence
of such a gradient. Some researchers argue that there is no consistent color gradient even
within local stretches of spiral arms in a given galaxy. By contrast, several studies, which
use pitch angle measurements to try to study the entire length of the spiral arm, agree that
there is evidence for a consistent color gradient. Recently a particularly large study by Yu &
Ho (2018) added to the growing body of evidence on this point. They find a consistent color
gradient and present a model which illustrates how a red and a blue spiral arm (called by
them respectively, the potential or P arm and the star-formation or SF arm) will cross each
other at the co-rotation radius. In their model the downstream arm contains stars which
have moved from the upstream star-forming region over a timescale of 10 Myr or so.
In one respect, Yu & Ho (2018) disagree with the earlier results reported in PourImani et al. (2016)/Miller et al. (2019), find that the infrared pitch angle is generally looser
(not tighter, as we find in this paper, in agreement with Miller et al. (2019)) than the pitch
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angle as measured in other wavelengths, such as B-band. This is consistent with the red
spiral arm being generated by old disk stars crowded closer together by the peak of the
density wave’s spiral potential. Yu & Ho (2018) calls this the color gradient from red to
blue and we in contrast see what they call an age gradient, of young stars seen downstream
from the star-formation region, from blue to red. Yu and Ho contend that the age gradient
is not really visible and believe that our measurements of infra-red pitch angles are marred
by errors. In one particular case they are undoubtedly right. NGC 1566 is a galaxy found
in both their sample and the one in Pour-Imani et al. (2016), for which the pitch angle
measurements are in sharp disagreement. Yu & Ho (2018) argue that this is because of
a failure to properly choose consistent galaxy parameters, such as galaxy center, ellipticity,
position angle, and radius range throughout the different wavelengths that are used, and they
are right. We discovered that for six of the galaxies in that sample, the inclinations that we
used were not consistent with the ones used by Yu & Ho (2018). For one of these galaxies
(NGC 1566) redoing the measurements more carefully with consistent galaxy parameters
results in a change of values which agrees better with Yu and Ho’s results, and with their
findings on the color gradient. However, we should also point out, as Yu & Ho (2018) did not,
that NGC 1566 is not the only galaxy common to the samples of their paper and Pour-Imani
et al. (2016). NGC 1097 is also, and in that case our figures agree quite well and the color
gradient observed is in agreement with the trend we see (though not strongly).
Another galaxy which is common to Yu & Ho (2018) and our sample is NGC 7552. In
this case there is also a considerable disagreement for the 3.6µm and B-band measurements,
since the values given in Yu & Ho (2018) are 9.7 ± 1.1◦ and 9.7 ± 0.9◦ respectively while our
values are 25.9 ± 3.7◦ and 27.6 ± 3.4◦ (Figure 2.10). However Yu & Ho (2018) gives only
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measurements for their 1DFFT method. Apparently their 2DFFT algorithm did not return
a value for this galaxy, which might be because it has a long bar. Both of our methods
(2DFFT and Spirality) agree in this case. In order to check further we made use of
an entirely independent code, SpArcFiRe, which returned a value of 27.0 ± 3.9◦ for 3.6µm,
compatible with our results, but not with the values given by Yu & Ho (2018). Although it is
not always trivial to compare results between these papers, and although there is a consistent
disagreement over pitch angle measured in the near infrared (3.6µm), the broader picture of
distinct upstream and downstream arms emerging from both studies is well confirmed by the
work in this paper, in which this result is used successfully to locate the co-rotation radius of
a significant sample of disk galaxies. Nevertheless inconsistencies such as the disagreement
on the location of the 3.6µm infrared arm will provide some comfort for those who favor the
transient picture of spiral arms.
Obviously, further work (and more careful work!) is needed to decide this issue. But
notice that the disagreement over the pitch angle of the infrared spiral arm is not particularly
relevant to the work discussed in this paper. We qualitatively (and wholeheartedly) agree
with the model presented, for instance, in Fig. 6 of Yu & Ho (2018), except that we would
use star-formation tracers such as FUV or 8µm to identify the upstream arm (their P arm)
and B-band images to find the downstream arm (their SF arm). The spirit of this paper,
therefore, is actually to see if the measured spiral arms actually perform as one would expect
given a model similar in spirit to the one discussed in section 4.3 of Yu & Ho (2018). Our
answer is an emphatic yes. Invariably tracing of the two spiral arms measured by us does
correctly identify the position of the co-rotation radius. We find the elapsed time between
the two arm positions to be something in the range of 50 Myr, not too far from the 10 Myr
51

assumed in model presented in Yu & Ho (2018). Therefore, in spite of certain disagreements
in detail, we find that the evidence is quite strong for the idea that the color gradient
predicted by density wave theory is real. Of course, continued disagreement over the detail
leaves an opening for those who argue that there is no consistent age/color gradient. This
issue is important because it has been proposed, Yuan & Grosbol (1981) that a consistent
age/color gradient supports the theory that spiral arms are long-standing, while no consistent
color gradient supports the theory that spiral arms are transient.
Recent work looking for observational evidence on this subject has been divided.
Foyle et al. (2011) take the view that there is no evidence for the sort of color-gradient
structure that we see and conclude that spiral structure is transient (their work differs from
ours in examining local structure within each arm, whereas we look at the full extent of the
spiral arm). By contrast, Martı́nez-Garcı́a & González-Lópezlira (2015) reach the opposite
conclusion, using similar methods. Our work, though very different in approach, seems to
be more reconcilable with the Martinez-Garcia and Gonzalez-Lopezlira conclusion.

2.5

Summary and Conclusion

We have confirmed the validity of density wave theory in a very direct way by using
differently colored spiral arms to find the co-rotation radius and showing that it agrees well
with other methods commonly used. This shows the existence of a color gradient demanded
by the theory and shows that the spiral arm patterns themselves can be used as a research
tool. It therefore is implicit that the arms have a certain reality which is suggested by their
success in measurement.
We have compared our results with several methods used to identify the location
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Figure 2.10 (left) 3.6µm image of NGC 7552 along with a synthetic logarithmic spiral of
pitch angle 25.87 ± 3.67◦ traced over the brightest arm. (right) B-band image of NGC 7552
along with a synthetic logarithmic spiral of pitch angle 27.58±3.38◦ traced over the brightest
arm .
of the co-rotation radius in a galaxy, with considerable success. It is true that errors in
the pitch angle measurements translate to considerable errors in the measurement of the
co-rotation radius. We do not propose that our method should supplant other methods of
finding the co-rotation radius. But it is clear that our method is usually accurate and always
qualitatively plausible. Even when it is not perfectly accurate, it is not too far off. The
argument is that the success in finding the co-rotation radius, that these arms are genuine
features created by the underlying density wave.
A major point of debate about the density-wave theory concerns how long the spiral
patterns generated by density waves last. The original Lin-Shu theory proposed that the spiral arms were semi-permanent standing-wave patterns, created by resonant modes reflecting
back and forth between the inner and outer Lindblad resonances of the disk. Most experts
no longer think this is likely. The system seems too dissipative for standing waves to persist
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indefinitely. Certainly this is what numerical simulations seem to suggest. Indeed it is unclear how such disk-spanning patterns can be excited at all, though the favored mechanisms
are external harassment (by another galaxy passing nearby and stimulating a disturbance)
or swing amplification (by which small internal perturbations might be amplified) (Toomre,
1969). Since it is empirically apparent that the patterns do form, the key question is how
long they last.
Some experts, such as Sellwood and Carlberg (Sellwood & Carlberg, 2014), argue
that the patterns can be quite long-lasting, perhaps for as many as ten galactic rotations.
But there is quite a common belief that they may be quite transient, perhaps lasting only
one or two rotations of the disk. Our work suggests that it takes on the order of 50 Myr for
the spiral pattern defined by the B-band to form. When that stellar arm has formed, the
original star-forming region can still be seen. This suggests that the spiral arm is a minimum
of 50 Myr old. Obviously this is less then a galactic rotation (the Milky Way takes about
250 Myr to rotate once). However, for most of our galaxies we do see a double pattern of
this type, which suggests that it is rare to catch a galaxy as the density wave pattern is
breaking up. Though we cannot be sure, this does suggest that the typical age of a spiral
pattern is several times 50 Myr. This does at least place some lower limit on how transient
these patterns can be. It is hard to see how they can generally persist only for one rotation,
and even two might be a reasonable lower limit.
Finally, it should be noted that the overall mean time lapses for the motion of a
young star from the star-forming region to the B-band is consistent with our evolutionary
understanding of this process. We would expect the time involved to be longer than 10
million years, so that the shortest-lived O type stars would still be seen in the immediate
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vicinity of the star-forming region, since they live only a few million years. This is consistent
with the fact that our far UV images return pitch angles consistent with the far IR pitch
angles ( see Miller et al. (2019), for a more detailed discussion). At the same time, we expect
that the time elapsed will be less than 100 million years, so that many bright stars will
survive to be observable when it is viewed in the B-band. All of the values we have obtained
for the time elapsed to move between the star-formation arm and the B-band lie between
these two values, in the tens of million years, with an average close to 50 Myr (see Table 4).
We believe that the overall interpretation we give of our results is consistent with relatively
long-lasting density waves.
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Chapter 3

Evidence in Favour of Density Wave Theory through Star Formation History
Maps and Spatially Resolved Stellar Clusters

Shameer Abdeen1 , Daniel Kennefick1,2 , Julia Kennefick1,2 , Rafael Eufrasio1,2 , Benjamin L.
Davis3,4 , Ryan Miller5 , Douglas W. Shields1,2 , Erik B. Monson1 , Calla Bassett2 and Harry
O’Mara1
1
Department of Physics, University of Arkansas, 226 Physics Building, 825 West Dickson
Street, Fayetteville, AR 72701, USA
2
Arkansas Center for Space and Planetary Sciences, University of Arkansas, 346 1/2
North Arkansas Avenue, Fayetteville, AR 72701, USA
3

Centre for Astrophysics and Supercomputing, Swinburne University of Technology,
Hawthorn, VIC 3122, Australia
4

Center for Astro, Particle, and Planetary Physics (CAP 3 ), New York University Abu
Dhabi
5

Department of Physics, Utica College, 1600 Burrstone Rd, Utica, NY 13502, USA

Stationary Density Wave Theory predicts the existence of an age gradient across the
spiral arms with a phase crossing at the co-rotation radius. Using star formation history
(SFH) maps of 12 nearby spiral galaxies derived from LIGHTNING (Eufrasio et al., 2017),
a spectral energy distribution (SED) fitting procedure, and by using Spirality (Shields
et al., 2015) a MATLAB-based code which plots synthetic spiral arms over FITS images,
we have found a gradual decrement in pitch angles with increasing age, thus providing us
with evidence in favour of the Stationary Density Wave Theory. We have also used azimuthal
offsets of spatially resolved stellar clusters in 3 LEGUS galaxies to observe age trends. The
full widths at half maximums (FWHM) of the cluster distributions show an overall gradual
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increment with increasing age with the exception of the 80-100 Myr age bin in NGC 628.
This broadening of the FWHM is consistent with the expected cluster migrations from the
birth sites. Kernel density estimation plots reveal prominent central peaks and secondary
peaks on the positive side for NGC 5194 and NGC 5236. NGC 628 showed secondary peaks
in both positive and negative sides of the density wave.
galaxies: age gradients — galaxies: spiral galaxies— galaxies: density waves

3.1

Introduction

The modal density wave theory, (Lin & Shu, 1964, 1966; Lin et al., 1969) explains
the nature of spiral structures in galaxies as the result of long lived quasi-stationary density
waves propagating through the galactic disk. These density waves induce shock fronts on the
disk material, forcing them to form regions of higher gas density (Roberts, 1969). When the
densities of these regions exceed the Jean’s criteria, star formation takes place, producing
stars and stellar clusters. These newly formed stars and clusters drift away in an azimuthal
direction from their initial birth places, producing an age gradient across the spiral arms as
a result of differential rotation in the disk. More recently it has been proposed that density
waves do not form semi-permanent structures because of dissipation in the disk (Sellwood
& Carlberg, 1984). However there remains the possibility that density waves are not truly
transient (lasting only a rotation or two of the galactic disk) but may last for more than a
half-dozen rotations (Sellwood, 2012; Sellwood & Carlberg, 2014b)
Different stages of this process ought to be visible in different wavelengths of light.
For instance, blue and ultraviolet light would show where newly born stars are found, just
downstream from the star-forming region, while far infra-red light might show the early
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stages of the star formation. One longstanding claim is that the position of the density wave
itself can be observed by viewing in near infrared light, which is sensitive to old red disk
stars which, if they are sufficiently well coupled to the density wave, can be expected to be
crowded closer together where the density wave is found than in other regions of the disk. It
is possible, depending on the value of the reduction factor, for the density wave to be strong
enough to cause collapse in gas clouds without strongly affecting the stellar disk itself.
Nevertheless, it is widely reported that one can observe the density wave in this near
infra-red light. Note however, that this means that there are two different colour gradients
predicted by the theory. One, which places the red and infra-red arm upstream of the blue
arm, in caused by the fact that red light shows old stars born long ago marking out the
position of the density wave itself, while blue light shows the position of newly born stars
created by this density wave and first seen, some tens of millions of years later, downstream of
the density wave. But clearly, since more long lived, less blue, stars, take longer to form than
the brightest blue stars, we should also expect a different colour gradient which is entirely
downstream of the density wave and which runs blue to red (as opposed to red to blue)
with younger bluer stars seen upstream of redder newly born stars. For the purposes of this
paper we will call this second colour gradient an age gradient to distinguish it from the more
expected colour gradient which goes red to blue. We do this because, at least in principle, the
age gradient should depict a range of stars, extending downstream of the density wave lined
up from blue to red in order of age since they were born, just a relatively short time recently.
The question is, how can we tell the difference between these two different colour gradients,
each expected by the theory?. One way to do this would be to identify the positions of stars
in the galactic disk by age rather than by colour. The key difference between the “colour
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gradient” (red to blue) and the “age gradient” (blue to red) is the extreme age difference
between the two different red spiral arms. The upstream one (at the red upstream end of
the colour gradient) is composed of old red disk stars, mostly billions of years old. The
downstream one (at the red downstream end of the age gradient) is composed of newly
born stars on the order of one hundred million years old at most. Therefore, an analysis of
relatively young stars by age may reveal the existence of this age gradient predicted by the
theory
The search for age gradients has yielded a variety of results (Schweizer, 1976; Talbot
et al., 1979; Cepa & Beckman, 1990; Hodgeet al., 1990), where some claimed to see the age
gradients while others did not. The existence of either the colour or the age gradient, or
both, may ultimately shed light on the question of the transience of spiral arm structure,
since it is certainly expected that long-lived spiral arms should exhibit gradients of this type.
Martinez-Garcia (Martı́nez-Garcı́a et al., 2009) claims to have seen these age gradients in identified regions belonging to ten galaxies in a sample of thirteen spiral galaxies
of types A and AB. They have arrived at this conclusion by using observations of dust,
gas compression, molecular clouds within the neighbourhood of the spiral structure, and by
using a photometric index Q(rJgi) to trace star formation. They have consistently found
such age/colour gradients in their work (Martı́nez-Garcı́a & González-Lópezlira, 2015) and
have even measured spiral pattern speeds by comparing the observations with stellar population synthesis models. Their findings favour quas-stationary long lived spiral structures as
proposed by the original Lin & Shu (1964) study.
Sánchez-Gil et al. (2011) has also found convincing evidence of age gradients for some
galaxies in their sample using a pixel-based analysis of the ionized gas emission. Based on
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burst ages derived from the Hα to F U V flux ratio, they have derived age maps showing
a wide range of patterns. They have concluded that generally grand designs exhibits more
clear age patterns while non-grand designs, based on their individual circumstances, fail to
demonstrate the patterns. They further claim that on those cases with an absence of age
patterns are simply instances where Spiral Density Wave theory is not the dominant driver
in the star formation process.
Using stellar cluster catalogs of three LEGUS

1

(Legacy Extragalactic UV Survey)

galaxies, Shabani et al. (2018) have found yet again varying results, where one galaxy, NGC
1566 showed strong age gradients while M51 did not show a promising age trend. NGC 628,
due to its weak spiral structure, also exhibited no clear evidence of an age pastern. It is
important to note that in their study, they have used azimuthal offsets of the clusters with
respect to the dark dust lanes on B-Band images.
Choi et al. (2015) also claims that age gradients are not visible in M81 and therefore
argues that M81 is not driven by stationary density waves but rather by kinematic spiral
patterns that are likely influenced by tidal interactions with the companion galaxies. They
have used star formation histories (SFHs) of 20 regions around the spiral structure. For each
region, they have used resolved stellar populations, thus producing spatially resolved SFHs.
In this paper we will focus not on colour as a marker for stellar age, but directly on
the ages of young stars in spiral arms. In this way we hope to clearly establish the existence
of an age gradient extending downstream from the star-forming region. We use two methods
to identify the positions of stars of different ages. One makes use of star formation history
maps provided by Eufrasio et al. (2017). The other relies on studies of young stellar clusters.
1

https://legus.stsci.edu/
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3.2
3.2.1

The Data Sample
LIGHTNING outputs: SFH maps in non-parametric age bins
Using photometric data from GALEX, Swift, SDSS, 2MASS, Spitzer, WISE, and

Herschel we derived star-formation history (SFH) maps with the help of LIGHTNING
(Eufrasio et al., 2017), a spectral energy distribution (SED) fitting procedure. The SFHs
are derived in non-parametric bins of ages 0-10 Myr, 10-100 Myr, 0.1-1 Gyr, 1-5 Gyr, and
5-13.6 Gyr.
In a total sample of 37 nearby galaxies, only 12 galaxies (see Table 3.1 ) were selected
for this study. The selection criteria included considerations on the morphology and the
inclination angle (i). 6 galaxies were rejected based on their morphology (being ellipticals/
Irregular), 7 more were rejected due to having diffuse or indistinguishable arm features. The
indistinguishable arm features were mainly due to low arm inter-arm contrasts and pixel
constraints in the SFH maps. Although NGC 3938 shows a clear spiral structure, due to its
multiple arms and due to resolution constraints in the SFH maps we were unable to clearly
distinguish spiral features and hence we excluded it from the selection. 11 more galaxies
were excluded due to high inclinations. The inclination angle plays a pivotal role in the
de-projection process; hence it is crucial to select galaxies with moderate inclination angles
(i < 500 ).
Since galaxies come in non-zero inclination angles, as the initial step, all the images
had to be de-projected to a face-on orientation. Considering the commonly accepted inclination angles and position angles found in the literature and using the traditional approach of
fitting elliptical isophotes and transforming them to a circular configuration, we de-project
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Table 3.1 Galaxy Sample
Galaxy Name
(1)

Morphology
(2)

RA (J2000)
(3)

Dec(J2000)
(4)

D(Mpc)
(5)

PA (◦ )
(6)

I(◦ )
(7)

NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

SA(s)c
SB(s)b
SA(s)ab
SAB(rs)cd
SA(s)c
SAB(s)bc
SAB(r)ab
SA(s)bc
SAB(s)c
SAB(rs)cd
SAB(rs)cd
(R’)SB(s)ab

01
02
09
10
12
12
12
13
13
14
20
23

+15 47 01
-30 16 29.6
+69 03 55
+41 25 26.59
+14 24 59
+15 49 19
+25 30 02.90
+47 11 43
−29 51 56
+54 20 56
+60 09 14
−42 35 05

6.7
16.70
3.63
13.60
32.30
16.10
21.60
8.9
4.5
7.4
3.76
14.8

25
130
150
135
24
27.8
35
172
45
29
53
1

7
26.8
34.5
5.3
9.2
9.7
20.1
21.9
14.8
3.9
20
6.7

0628
1097
3031
3184
4254
4321
4725
5194
5236
5457
6946
7552

36
46
55
18
18
22
50
29
37
03
34
16

41.7
19.05
33.2
16.86
49.6
54.8
26.58
52.7
00.9
12.5
52.3
10.7

Note. — Columns: (1) Galaxy name; (2) Hubble morphological type; (3) RA (J2000); (4)
DEC (J2000); (5) Distance (Mpc); (6) Position Angle (◦ ); (7) Inclination (◦ );
each image to a face-on orientation.

3.2.2

Spatially resolved stellar clusters
We use position coordinates of spatially resolved stellar clusters for NGC 5194 as

summarized in Chandar et al. (2016), and position coordinates of stellar clusters in NGC
5236 and NGC 628 as summarized by Ryon et al. (2015); Ryonet al. (2017). All the sources
have age estimates, which we use to categorize the clusters into different age bins. Table
3.3 columns 2 and 3 depict the RA and Dec values of the clusters while column 4 gives the
estimated cluster age in a log scale. Figure 3.1 shows the spatial distribution of the 3816
compact star clusters found in Chandar et al. (2016) in the age bins of 0-10 Myr, 10-100
Myr, 0.1-1 Gyr, 1-5 Gyr, and 5-13.6 Gyr. Figure 3.2 shows a closeup view of the northern
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Figure 3.1 NGC 5194 with 3816 compact stellar clusters overlapped on a 8µm image.
arm with stellar clusters belonging to different age bins. Ryon et al. (2015)’s sample contains
a total of 478 clusters and Ryonet al. (2017)’s sample for NGC 628 contains a total of 320
clusters. Only a selected set of clusters were used from the original samples based on the
age constraints.
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Figure 3.2 : Closeup view of the northern arm of NGC 5194 with stellar clusters. Blue:
0-10 Myr, Green: 10-100 Myr, Yellow: 0.1-1 Gyr, Red: 1-5 Gyr, Magenta: 5-13.6 Gyr.

3.3

Analysis

3.3.1

Measuring pitch angles of the SFH maps (LIGHTNING outputs)
Once we have all our SFH maps de-projected to face-on orientations, we start mea-

suring pitch angles. The pitch angle of a given spiral is defined as the angle between the
spiral’s tangent at a given point and the tangent line drawn to a concentric circle that passes
through that point. Pitch angle measurements were performed by initially visually verifying
using a Python-based code (spiral overlay.py)

2

. The code generates a graphical inter-

face that enables the user to load a FITS image along with a synthetic logarithmic spiral
overlapped on a foreground layer. We can change the pitch angle, phase angle, and the
number of arms of the synthetic spiral to match the features of the underlying actual image
file. Once we have a rough estimate of the pitch angles, we use Spirality
2
3

3

Python OL Script: https://github.com/ebmonson/2DFFTUtils-Module
Spirality: http://ascl.net/phpBB3/download/file.php?id=29
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(Shields et al.,

2015) a MATLAB-based code to measure pitch angles accurately. Spirality uses a template
fitting approach by using a varying inner radius and focuses on a global best-fit pitch. Spirality, spiral-arm-count (Shields et al., 2015) script fits synthetic logarithmic spiral
arms over the actual image spiral arms based on image pixel brightness. The entire process
is automated, hence minimizing the user bias in tracing these spirals. See Figure 3.3 for the
traced synthetic spirals. Only a potion of the spirals are displayed in the paper.
For those galaxies with clear image data, we used another independent method,
namely 2DFFT method (Seigar et al., 2008; Davis et al., 2012) which uses a modified two
dimensional fast Fourier transform process to generate the pitch angles for different harmonic modes. Upon verifying using these three methods, the final results were generated
and are tabulated in Table 3.2. Table 3.2 shows pitch angle measurements for each SFH map
belonging to four different age bins, namely 0-10 Myr, 10-100 Myr, 0.1-1 Gyr, and 5-13.6
Gyr. Obviously pitch angle measurements are only reported for those age bin images in
which spiral structure was visible. Since 8µm images are tracers for gas and dust lanes, the
brightest regions in the 8µm images denote the approximate location of the density wave.
So we have also measured pitch angles of the 8µm images of each of these galaxies. For some
galaxies, the pitch angle measurements were adapted from a previous study (Abdeen et al.,
2020).

3.3.2

Measuring the azimuthal offset of clusters relative to the spiral arms
For the three galaxies for which cluster ages and positions are available, NGC 628,NGC

5194 and NGC 5236, we wished to compare the cluster positions with the rough position
of the density wave. Accordingly we located the minimum surface brightness locations of
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Figure 3.3 Spirality: Arm trace outputs for 6 Galaxies in five different age a bins. The
traces were done only on the maps which had measurable pitch angles.
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Figure 3.4 Top panels: SFH map bright pixels of NGC 5194 in age bins 0-10 Myr, 0.11 Gyr and 5-13.6 Gyr. Bottom panel: Locations of the individual bright pixels in each
non-parametric bin are superimposed on an 8µm image.

70

Table 3.2 Average Pitch Angle Measurements
Galaxy
Name
(1)

P◦
(0-10 Myr)
(2)

P◦
(10-100 Myr)
(3)

P◦
(0.1-1 Gyr)
(4)

P◦
(5-13.6 Gyr)
(5)

P◦
(8.0 µm)
(6)

NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

13.07 ± 0.23
−
23.35 ± 0.68
16.93 ± 2.13
23.35 ± 2.21
16.07 ± 2.78
12.86 ± 2.43
12.00 ± 1.23
13.28 ± 1.23
28.92 ± 2.45
18.21 ± 3.98
−

−
13.71 ± 0.68
19.13 ± 0.84
−
−
15.85 ± 4.51
11.14 ± 3.24
10.96 ± 1.45
−
27.64 ± 4.56
−
−

11.78 ± 0.14
10.28 ± 0.23
21.85 ± 0.31
14.57 ± 1.43
22.92 ± 1.32
14.57 ± 1.46
−
11.36 ± 0.45
12.21 ± 0.56
25.07 ± 2.46
16.93 ± 2.65
27.64 ± 5.84

−
−
17.51 ± 1.21
−
−
−
−
9.86 ± 2.13
−
−
−
−

12.83 ± 0.66
12.71 ± 0.32
21.21 ± 2.31
19.81 ± 2.30
20.50 ± 1.73
14.73 ± 1.68
11.92 ± 2.3
10.48 ± 2.73
16.74 ± 1.24
23.85 ± 2.71
24.63 ± 2.81
28.99 ± 4.75

0628
1097
3031
3184
4254
4321
4725
5194
5236
5457
6946
7552

Note. — Columns: (1) Galaxy name; (2) Pitch angle in degrees for 0-10 Myr; (3) Pitch angle
in degrees for 10-100 Myr; (4) Pitch angle in degrees for 0.1-1 Gyr; (5) Pitch angle in degrees for
5-13.6 Gyr; (6) Pitch angle in degrees for Spitzer 8.0 µm. No spiral structures were visible in the
age bin 1-5 Gyr

Table 3.3 Cluster Samples for NGC 628, NGC 5194 and NGC 5236
Cluster ID
(1)

RA(deg)
(2)

Dec.(deg)
(3)

log(Tage /yr)
(4)

∆Θ(Rad)
(5)

NGC628-C001
NGC628-C002
NGC628-C003
NGC5194-C001
NGC5194-C002
NGC5194-C003
NGC5236-C001
NGC5236-C002
NGC5236-C003

24.16912
24.17594
24.17687
202.4004112
202.4054309
202.457789
204.26505
204.27220
204.28027

15.80396
15.80297
15.80270
47.1302503
47.130382
47.132461
-29.88305
-29.88226
-29.87885

7.95+0.35
−1.11
7.04+0.13
−0.00
8.30+0.00
−0.30
8.06
6.78
6.00
9.10+0.00
−0.90
9.30+0.40
−1.20
9.00+0.10
−0.04

0.33123
0.01079
0.02775
-0.72500
-1.03914
0.10208
-0.06209
-0.06731
-0.01984

Note. — Columns: (1) Cluster ID; (2) RA(deg); (3) Dec.(deg) (4) log(Tage /yr); (5) Azimuthal
offset of clusters relative to the spiral arm (Rad). The data for this table was obtained from table
1 of Chandar et al. (2016), table 3 of Ryon et al. (2015) and Ryonet al. (2017). Only a portion of
the table is shown here to demonstrate its content.
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Table 3.4 Primary and secondary peak locations of the KDE plots
Primary peak
Galaxy

NGC 5194

NGC 628

NGC 5236

Age Bin
0-20 Myr
20-40 Myr
40-60 Myr
60-80 Myr
80-100 Myr
0-20 Myr
20-40 Myr
40-60 Myr
60-80 Myr
80-100 Myr
10-100 Myr
0.1-1 Gyr
1-5 Gyr

Peak
(rad)
0.050
0.039
0.090
0.085
0.112
0.059
0.037
-0.017
0.072
0.006
-0.023
-0.032
-0.046

Max Height
(density)
1.880
1.428
0.988
0.937
0.888
3.977
1.749
1.285
0.979
3.329
1.357
1.233
1.236

Secondary peaks
FWHM
(rad)
0.299
0.764
0.979
1.031
1.068
0.137
0.432
0.600
1.051
0.202
0.613
0.637
0.703

Positive side
(rad)
0.468
0.423
0.507
0.545
0.478
0.549
0.575
0.457
0.538
1.195

Negative side
(rad)
-0.349
-0.743
-0.842
-0.292
-0.708
-0.750
-0.511
-0.469
-

Note. — Columns: (1) Galaxy; (2) Age bin; (3) Primary peak location relative to the density
wave (rad) (4) Maximum height (density); (5) Full width at half maximum (Rad). (6) Secondary
peak location in the positive side of the density wave (rad) (7) Secondary peak location in the
negative side of the density wave (rad)

the arm inter-arm regions in the 8µm image in order to define the spiral arm regions in
these galaxies. Figure 3.5 and Figure 3.6 shows the northern and the southern arms of NGC
5194 along with the clusters belonging to each region. Figure 3.7 is a schematic diagram
representing azimuthal offsets of clusters relative to the density wave (synthetic logarithmic
spiral traced over the 8µm image spiral arm). Azimuthal offsets were measured for each
cluster relative to the density wave (see column 5 in Table 3.3.
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Figure 3.5 Stellar clusters in the vicinity of the northern spiral arm of NGC 5194. A
synthetic logarithmic spiral of pitch angle: 10.5 ± 2.7◦ is traced over the underlying 8µm
image.

Figure 3.6 Stellar clusters in the vicinity of the southern spiral arm of NGC 5194. A
synthetic logarithmic spiral of pitch angle: 10.5 ± 2.7◦ is traced over the underlying 8µm
image.
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Figure 3.7 Schematic diagram representing the azimuthal offsets of clusters relative to the
density wave.

3.4
3.4.1

Results
Results on the analysis of the star formation history maps
While observing the pitch angle measurements in Table 3.2, it is apparent that the

pitch angles decrease with the increasing age. This simple trend can be found in most of the
SFH maps with few exceptions. It is also apparent that the 0.1-1 Gyr age bin has the clearest
spiral structure while none of the maps show clear spiral structures in the age bin of 1-5 Gyr.
Only two galaxies, NGC 3031 and NGC 5194, had observable spiral features in the age bins
of 5-13.6 Gyr. It is important to state that, an unobservable spiral structure in a particular
age bin does not necessarily imply that the entire spiral structure of the galaxy disappears.
It simply implies that the light produced by that fraction of stars do not form a visible spiral
structure, yet there are other stars with different ages, continuously producing light. Using
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the pitch angle measurements done for each age bin and the pitch angle measurements for
the 8µm images, we calculated the relative difference in pitch angles with respect to the
8µm image. Since the 8µm image is primarily an indication of dust and gas, it can denote
the approximate location of the density wave, hence the relative offset depicts how the pitch
angle changes relative to the density wave for each age bin. A kernel density estimation
(KDE) is plotted to see the overall shift in the peak locations of the relative pitch angle
distribution (see Figure 3.8). We believe this shift indicates evidence of an age gradient.
Using SFH maps of NGC 5194 and considering the brightest pixels of three age bins
(0-10 Myr, 0.1-1 Gyr and 5-13.6 Gyr) we overlaid them on an 8µm image to observe the
age trends. Figure 3.4 represents the selected bright pixels in each age bin, the overlaid
image, and a schematic diagram representing the age gradient. The red circle represents the
location of the co-rotation radius (Rcr ) as we measured in our previous study (Abdeen et al.,
2020). It is important to note that inside the co-rotation radius, disk material is supposed
to travel faster than the spiral arm, which is clearly visible in the overlaid image.

3.4.2

Results on the analysis of the stellar clusters
Considering the azimuthal offsets of clusters relative to the density wave (synthetic

logarithmic spiral location on the 8µm images) we plotted histograms for each age bin
corresponding to each spiral arm. Figure 3.9 depicts the histograms plotted for NGC 5194
considering both the spiral arms. It’s important to note that there is a primary peak close
to the density wave (0 Rad, in the histogram) and a secondary peak. The location of the
secondary peak in the 0-20 Myr histogram may indicate stagnated stars emerging from
the dense dust clouds. Since most of the clusters in NGC 5194 are relatively young, any
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Figure 3.8 KDE of the pitch angle differences (in degrees) with respect to the 8µm image
in four different age bins. Pitch angle differences tend to shift to a positive direction with
the increasing age.
observable direct evidence of an age gradient should be visible within the 0-100 Myr range.
Hence, we plotted a KDE considering all the stellar clusters in both the spiral arms and using
small age bins: 0-20 Myr, 20-40 Myr, 40-60 Myr, 60-80 Myr and 80-100 Myr (see Figure
3.10). A similar KDE was plotted for NGC 628 (Figure 3.11 ). For the case of NGC 5236, we
were able to analyze the clusters in the age bins 10-100 Myr, 0.1-1 Gyr, and 1-5 Gyr (Figure
3.12).The choice of age bins was based on the availability of cluster data and also considering
the age bins used for the SFH analysis. Table 3.4 shows the locations of the peaks along with
the full width half maximum (FWHM) of the primary peak. It is important to note that
the FWHM increases gradually with the exception of NGC 628’s 80-100 Myr age bin. Most
of the young clusters are concentrated close to the spiral arm hence visible as a peak in the
KDE graphs, as the clusters age they migrate away from the spiral arm thus increasing the
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FWHM with the cluster age. The gradual overall shift of the secondary peak provides us the
direct evidence of an age gradient. To further visualize this age trend, vertical dashed lines
were added to the peaks of the KDE. Figure 3.13 depicts a box plot with the mean locations
of the overall distributions for each galaxy. The box length denotes the interquartile range
(IQR); the maximum and the minimum marks of the whiskers denote Q3 + 1.5*IQR and
Q1 - 1.5*IQR, respectively. A clear shift in the mean locations is visible in NGC 5194 with
the exception of the age bin 80-100 Myr. A similar trend is visible in NGC 5236, but not
visible in the case of NGC 628.
KS-Tests were performed to verify and to quantify whether clusters belonging to each
age bin came from the same parent population. Assuming our null hypothesis (H0 ): the data
considered are from the same continuous distribution, for NGC 5194, the comparison between
the age bins 0-20 Myr vs 60-80 Myr, resulted in the lowest D and P-values of 0.15978 and
0.08339 respectively. We reject the null hypothesis at 8.34 % significance level. For NGC
628 the comparison between the age bins 0-20 Myr vs 20-40 Myr, resulted in the lowest D
and P-values of 0.20735 and 0.349 respectively. In the case of NGC 5236, the lowest values
were D = 0.20116 and p-value = 0.2465 for the age bin comparisons 10-100 Myr and 1-5
Gyr, where we reject the null hypothesis at 24.65 %. Therefore, none of the KS-tests provide
convincing evidence (e.g., p-value < 0.05) that older clusters come from different parent
populations than younger clusters.
The shift in the secondary peak is clearly visible in all three of the galaxies with
few exceptions in certain age bins. It is important to note that both NGC 5194 and NGC
5236 show a similar prominent secondary peak on the positive side while NGC 628 shows
prominent secondary peaks on both sides of the spiral arm. The exact reason for this double
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peak distribution in NGC 628 should be further investigated. It is possible that the cluster
samples may be spatially distributed spanning the inside and outside of the co-rotation radii.
Our best estimates on the co-rotation radius for NGC 628 place Rcr at 4.5±0.68 kpc and the
median Rcr found from the literature is 4.6 ± 1.2 kpc according to, Scarano & Lépine (2013).
Since disk particles move faster than the spiral arm inside the Rcr and slower outside it will
produce ±∆Θ in azimuthal measurements giving rise to secondary peaks on either side of
the spiral arm zero location. In contrast to NGC 5194 and NGC 5236 in the case of NGC
628 although most of the clusters are inside the Rcr there is a significant number of clusters
falling within the error margins and outside. This is more visible in the age bins 0-20 Myr and
80-100 Myr which is consistent with the KDE plots. Another possible reason may be simply
due to the intrinsic nature of each galaxy. Grand designs may demonstrate clear evidence for
age gradients in comparison to the others. According to Elmegreen & Elmegreen (1987) arm
class classification, NGC 5194 is considered as an arm class 12 galaxy. Ideal examples for
grand designs are considered to be of arm class 12, with two long symmetric arms dominating
the optical disk. NGC 628 and NGC 5236 on the other hand, are both considered as arm
class 9 galaxies, where two symmetric inner arms with multiple long and continuous outer
arms are present. The asymmetries in the outer arms may cause the double peaks we see
in certain age bins but not in all. The gradual changes in the age gradients are also visible
in cumulative KDEs. Figures 3.14, 3.15 and 3.16 depict cumulative KDEs for NGC 5194,
NGC 628, and NGC 5236, respectfully.
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Figure 3.9 Histograms of the azimuthal cluster offsets of NGC 5194. They are categorized
in to five different age bins ranging from 0-100 Myr. It is important to note the location of
the primary peak and the location of the secondary peak.
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Figure 3.10 KDE of the azimuthal distance offset relative to the density wave for the 0-100
Myr cluster population of NGC 5194. It is important to note the locations of the primary and
the secondary peaks. The gradual shift in the secondary peak location is a direct evidence
of an age gradient.

Figure 3.11 KDE of the azimuthal distance offset relative to the density wave for the 0-100
Myr cluster population of NGC 628.
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Figure 3.12 KDE of the azimuthal distance offset relative to the density wave for the 0-100
Myr cluster population of NGC 5236.

Figure 3.13 A box plot depicting the mean locations of the overall distributions for each
galaxy. The box length denotes the interquartile range (IQR), the maximum and the minimum marks of the whiskers denotes Q3 + 1.5*IQR and Q1 - 1.5*IQR, respectively.
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Figure 3.14 A cumulative KDE of the azimuthal distance offset relative to the density wave
for the 0-100 Myr cluster population of NGC 5194.

Figure 3.15 A cumulative KDE of the azimuthal distance offset relative to the density wave
for the 0-100 Myr cluster population of NGC 628.
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Figure 3.16 A cumulative KDE of the azimuthal distance offset relative to the density wave
for the 0-80 Myr cluster population of NGC 5236.

3.5

Summary and Conclusions

The search for age gradients has been a quest for many scholars since the original
density wave theory was proposed by Lin & Shu (1964). Many have claimed to see compelling
evidence in favour of the theory while some have found interesting cases against the theory.
Gonzalez & Graham (1996), Martı́nez-Garcı́a et al. (2009), and others have found evidence
in favor of the density wave theory while Schweizer (1976), Talbot et al. (1979), and Foyle
et al. (2011) have found contradictory results. The key points of this study are summarized
as follows.

• Due to inconsistent results in age gradient studies found in the literature, we focused
on SFH maps and stellar clusters rather than using the most popular method which
involves the use of various physical tracers.
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• Observing SFH maps in different age bins showed an overall loosening of pitch angles
with increasing age, consistent with our previous studies.
• A Kernel density estimation plot is used to depict the pitch angle differences with
respect to the 8µm image in four different age bins.
• A clear age trend is visible when the brightest pixels selected from three age bins of
the NGC 5194 SFH map is superimposed on an 8µm image.
• The stellar cluster analysis revealed that the FWHM of the cluster distributions gradually increase with the cluster age except for the 80-100 Myr age bin in NGC 628.
• Kernel density estimation plots revealed prominent central peaks and secondary peaks
in the positive side of the density wave for NGC 5194 and NGC 5236.
• NGC 628 showed secondary peaks in both positive and negative sides of the density
wave.

We have found evidence in favour of density wave theory through detecting age gradients across spiral arms. Using star formation history maps belonging to five non-parametric
age bins, and by tracing synthetic logarithmic spirals on foregrounds of the actual maps we
were able to show a gradual decrement of the pitch angles with increasing age. This tightening of the pitch angle is consistent with our previous studies (Pour-Imani et al., 2016) and we
believe is a consequence of the age gradient. It is important to state that the synthetic spirals
were drawn in a unbiased, user independent approach, fitting logarithmic spiral templates
in a global scale considering the maximum intensity pixels of the image.

84

Although we see a clear indication of a spatial age ordering in some galaxies, throughout the literature there are mixed opinions on this. One of the recent attempts in studying
physical offsets between arm traces, Vallée (2020) in his table 1, summarizes the studies
carried over the last 12 years and tabulates instances where physical offsets were detected
and cases where the they failed to see notable offsets. Considering NGC 5194 as an example,
seven studies have shown positive physical age offsets while six studies have failed to detect
any. He has also indicated some of the possible reasons for the lack of detections and they
tend to be mainly due to the choice of the traces that are involved. We specifically selected
the stellar cluster method in order to avoid these tracer biasing. Since we focused on the
cluster ages it is important to closely examine the work of Shabani et al. (2018) as they too
were looking at age gradients using stellar clusters and they did not detect a positive age
offset for NGC 5194 while we did. One possibility for these inconsistent results, may be
due to the way we define the cluster locations relative to the density wave. We measure the
cluster locations relative to logarithmic spiral arms placed over the brightest regions of the
8 µm images to denote the shock location of the density wave. Shabani et al. (2018) have
defined the spiral arm ridge lines based on their meandering traces of the dark obscuring
dust lanes on the B-band images. Although in general, the dark ridge lines in the B-band
images do match with the 8 µm images, upon closely analyzing these images using contour
maps and pitch angle measurements we are reasonably convinced that the choice of the spiral arm location may result in the observed discrepancies between the two studies. Minor
deviations from the spiral arms being not intrinsically logarithmic may also contribute to
the observed results. The pros and cons of these choices may have to be closely examined
in future studies. The choice of age bins may also play a role, as we saw the best evidence
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when we analyzed the young population from 0-100 Myr in bin sizes of 20 Myr.
Using cluster studies to check for the existence of age gradients as has been done
in Shabani et al. (2018) and Grasha et al., 2019 is a very promising method of probing
density wave theory. Our experience with star-formation history maps suggests to us that
age gradients are common in galaxies, and it is the case that studies using cluster positions
confirm this in some cases. Each of these studies do also report cases where age gradients
are not found, and it may be that some galaxies do not have them. Clearly further study is
needed, especially since some cluster studies are handicapped by relatively small number of
cluster positions being available for clusters in the crucial 50-100 Myr category. Nevertheless
the existence of an age gradient in a considerable number of the galaxies we have studied
is itself of great significance, even though we cannot yet conclusively answer the question of
whether all or most galaxies exhibit signs of structure produced by long-lived density waves.
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Finding Resonance Locations and Co-Rotation Radii using Spiral Arm Amplitude Modulations
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Resonance locations in Spiral Galaxies play a vital role in understanding the evolutionary process of galaxies and in maintaining the structural integrity of galaxies. They act
as stable regions in the galactic disc creating localized observable features that can be used
to locate them. Elmegreen et al. (1989); Elmegreen & Elmegreen (1990); Elmegreen et al.
(1992) among others have shown that the co-rotation resonance is observable through the
end points of star forming ridges and have used arm-inter-arm contrast plots to study the
spiral arm amplitude modulations in great detail. In our present study, ten nearby galaxies
were observed in 3.6 µm and B-band. As the initial phase, we create composite images and
de-project them to a face-on orientation followed by a symmetry enhancement process. We
then use arm-inter-arm contrasts and 3D Surface Intensity plots to identify these resonance
locations. The most probable locations for the co-rotation resonance were identified and
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were compared against a previous study which involved measuring pitch angles in different
wavelengths. The results are also compared against theoretical predictions and previous
results from the literature. Considering each galaxy and the results obtained through each
method, the largest sample standard deviation of s = 1.5 kpc is recorded for NGC 1566,
while the smallest, s = 0.31 kpc is recorded for NGC 5194. NGC 3031 shows the largest
deviation when comparing our results with the values found in the literature.
galaxies: age gradients — galaxies: spiral galaxies— galaxies: density waves

4.1

Introduction

The Density wave theory framework originally proposed by C.C. Lin & Frank Shu
Lin & Shu (1964, 1966); Lin et al. (1969) explains the nature of spiral structures in galaxies
and predicts the existence of resonance locations. The subsequent development of other
theories such as model theory, stellar dynamic theory and swing amplification theory also
predicts spiral arm amplitude modulations and resonance locations. In the modal theory
(Bertin et al., 1989) the outward and inward propagating waves interfere creating interference
patterns and resonance locations while in Stellar dynamic theory (Contopoulos & Grosbol,
1986) the amplitude modulations are due to differential crowding near wave-orbit resonances.
Although each theory has its own narrative in explaining the formation and the existence of
these resonance locations, it is an undeniable fact that they exist and are observable. The
essence of this study is to identify the co-rotation resonance (Hereafter Rcr ) using different
methods and to compare the results with other studies. In the classical density wave theory,
the co-rotation resonance is defined as a region where the velocity of the spiral pattern and
the velocity of the disk stars match.
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There are many ways in identifying the co-rotation radius. One of the earliest attempts in locating the Rcr involved observing the distribution of HII regions. Shu et al.
(1971) used the outer most HII region to place the Rcr and recorded the rotational velocity
at that radius as the pattern speed. Roberts et al. (1975) determined the co-rotation radii
by considering the radial extent of three main tracers:the prominent spiral structure, easily
visible disk, and the distribution of HII regions. Tremaine & Weinberg (1984) used a kinematic method to determine the pattern speed. They assumed that the surface brightness
of the tracer obeys the continuity equation and by using radial velocity distributions of the
tracer they were able to measure the pattern speed and hence the co-rotation radius.
One of the most notable methods involves observing phase crossings in Fourier transforms of azimuthal profiles. Puerari & Dottori (1997) used B and I bands to detect azimuthal
age gradients of stars and a phase shift at the co-rotation radius. Throughout history B, I,
HI, CO and FUV wave bands have been used with this method. Extensive studies have been
carried out in pursuit of observing this age gradient. Martı́nez-Garcı́a et al. (2009) among
others have claimed to observe this age gradient across the spiral arms changing directions
at the co-rotation radius. We too were able to see this age gradient using star formation
history maps and spatially resolved staler clusters (Abdeen et al. (in progress)).
The Potential-Density Phase-Shift method introduced by Zhang & Buta (2007) uses
the radial distribution of an azimuthal phase shift between the potential and density wave
patterns. In their extensive study they have measured the Rcr values for 153 galaxies and
they have included multiple Rcr radii for each galaxy.
Since the co-rotation resonance acts as a stable region, star formation rates are observed to decrease in the vicinity. By observing oxygen abundance measurements from line
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fluxes Scarano & Lépine (2013) were able to note metallicity distribution breaks corresponding to the co-rotation resonance.
Elmegreen et al. (1989); Elmegreen & Elmegreen (1990); Elmegreen et al. (1992) have
studied observable morphological features such as sharp end points to star formation ridges
and dust lanes to identify resonances. They have used arm-inter-arm contrast plots in great
detail to observe these locations. In this present work we use the methods described in these
studies along with other techniques to identify the resonance locations.

4.2

Data Sample

Our data sample includes ten nearby galaxies with clear spiral structures. Nine of
them are categorized as arm-class 12, grand designs while one is recorded as an arm-class
7 (Two symmetric long outer arms and feathery or irregular inner arms) galaxy according
to Elmegreen & Elmegreen (1987) classifications. We were primarily looking for galaxies
with symmetric arm distributions and clearly defined spiral structures, hence we confined
our study to mainly grand designs. Since we are symmetry enhancing the images (a process
which will be discussed in great detail in the analysis section ), it is wise to select galaxies
which are intrinsically symmetric or rather as much intrinsically symmetric as possible. We
used 3.6 µm, B -band images and for certain galaxies 8µm based on the availability of image
data. It is important to note that each wavelength acts as traces for different components of
a given galaxy. 3.6µm images are indicators of the old stellar population while the B -band
identifies the younger, newly formed stars. The 8µm on the other-hand depicts the gas
and dust lanes. The galaxy with the furthest recorded distance was NGC 3583 with 33.70
Mpc (z=0.00713 ± 0.00002) while the closest was NGC 3031 with a distance of 3.63 Mpc
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Table 4.1 Galaxy Sample
Galaxy
(1)

Type
(2)

RA(J2000)
(3)

Dec(J2000)
(4)

D
(5)

PA(◦ )
(6)

I (◦ )
(7)

Sources
(8)

NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

SB(rs)bc
SAB(s)bc
SAB(rs)bc
SA(s)ab
SB(rs)c
SB(s)b
SAB(rs)c
SB(rs)a
SAB(s)bc
SA(s)bc

03
04
09
09
11
11
11
12
12
13

-19 24 40.09
−54 56 16
+21 30 03
+69 03 55.061
-23 14 43.73
+48 19 06.67
+48 42 39.0
+29 53 45.19
+15 49 19
+47 11 43

14.5
18.2
6.52
4.85
7.8
33.7
16.4
16.3
16.1
8.9

101
67.33
17.39
150
75
125
175
148
27.8
162

19.1
12.12
38.24
34
13.1
26.2
22.6
4.42
9.73
21.96

[1][12]
[1],[2],[11]
[1],[2],[8]
[1][2][7]
[1][10]
[1][3]
[1][13]
[1][12]
[1][2][7]
[1][2][8]

1300
1566
2903
3031
3513
3583
3893
4314
4321
5194

19
20
32
55
03
14
48
22
22
29

41.08
00.4
10.1
33.1730
46.080
10.89
38.19
31.824
54.8
52.7

Note. — Columns: (1) Galaxy name (2) Hubble morphological type (3) RA (J2000) (4) DEC
(J2000) (5) Distance (Mpc) (6) Position Angle (◦ ) (7) Inclination (◦ ) (8) Image Sources (Telescope/wavelength): [1]=IRAC 3.6 µm, [2]=IRAC 8.0 µm, [3]= Perkins 4400 Å, [4]=GALEX 1542
Å, [5]=NOT 4400 Å, [6]=LCO 4400 Å, [7]=WIYN 4331 Å, [8]=KPNO 4400 Å, [9]=INT 4034 Å,
[10]=CTIO 4400 Å, [11]= duPont 4400 Å, [12]=JKT 4034 Å, [13] = Lowell1.1m 4500 Å

(z=-0.00011 ± 0.00001)

4.3
4.3.1

Analysis
De-Projecting and Image Enhancement
As the initial phase, galaxies with non-zero inclinations have to be de-projected to a

face-on orientation. Since we are using different wavelengths, we create a composite image
and use the composite image to fit elliptical isophotes to the outer envelope of the galaxy.
Although outer envelopes of galaxies can have different shapes Rich et al. (2019), for nearly
face-on galaxies we may assume the outer border to have an elliptical shape. We use the de
Vaucouleurs et al. (1991) D0 (Blue) extinction and inclination corrected Major axis measure-
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ments as a reference when determining the outer extent of the disk. We also make sure to
check the published position angles and the ellipticity measurements in the NED 1 database
yet did our own ellipse fitting. When we have a good ellipse fit, using the eccentricity
and the position angle measurements of the composite image we transform each individual
wavelength to circular configurations thus bringing them to face on.
Upon having the images de-projected we perform a symmetry enhancement as prescribed by (Elmegreen et al., 1989; Elmegreen & Elmegreen, 1990; Elmegreen et al., 1992).
The objective of this process is to eliminate asymmetric impurities including foreground
stars, segmented high intensity clusters and to enhance the underlying symmetry of the image. The process utilizes IRAF task rotate to initially rotate each image by 180◦ followed by
an image subtraction from the original image using IRAF task imarith. All negative pixel
values are set to zero using imreplace in this asymmetric image. This asymmetric, truncated
image is subtracted from the original image again using imarith. This process can be written
in a single line in the following form (See equation (1) in Elmegreen et al. (2011))

S2 (r, θ) = I(r, θ) − [I(r, θ) − I(r, θ + φ)]T
Here S2 (r, θ) represents the symmetric image, while I(r, θ) depicts the original image
and T denotes truncation. Figure 4.1 depicts NGC 5194, NGC 4321 and NGC 1566, all in
3.6µm going through the image transformation process starting from the raw image in the
left corner followed by the de-projected image at the center and ends with the symmetry
enhanced image in the right most column.
1

https://ned.ipac.caltech.edu/
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Figure 4.1 This depicts the image transformation process, starting from the raw image in
the left corner followed by the de-projected image at the center and ends with the symmetry
enhanced image in the right most column. The first row depicts NGC 5194 while the second
and third rows depict NGC 4321 and NGC 1566 respectively. All images are in 3.6µm
wavelength
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4.3.2

Arm-inter-arm contrast plots
Once we have de-projected, symmetry enhanced images we can start analyzing them

using different methods. The first method involves creating arm-inter-arm contrast plots.
In producing these plots, the first step is to transform the images into polar coordinates
(r, θ). The top plot in Figure 4.2 represents 3.6µm image NGC 5194 transformed in to polar
coordinates. The x-axis depicts the azimuthal angle in radians (from −π to π), while the
y-axis marks the radius in pixels. Once we have a polar plot, we define an inner measurement
radius and perform a 1 pixel wide azimuthal scan, running in increasing steps through out
the radial measurement range. The doted line demarcates the radial measurement radius.
The total image intensity variations are represented in the bottom panel of Figure 4.2.
These intensity plots are used to generate the arm-inter-arm intensity contrast plots
(see Figure 4.3). The x-axis has radius measured in pixels while the y-axis represents the
arm-inter-arm contrast in a defined magnitude using the following equation.

A(r) = 2.5log[Iarm /Iinter−arm ]
These plots were generated using the same methods defined in Elmegreen et al. (2011)
and we use the same magnitude equation to compare our results. We performed this with
3.6µm, 8µm and b-band images, based on the availability of good imaging data. It is
important to note that there are multiple peaks and valleys and overall the peak and valley
locations match between the different wavelengths. The peaks generally mark regions with
higher arm-inter-arm intensity ratios while the valleys correspond to the lower ratios, hence
depicting the resonance locations (Iner-Linbad, Rcr, Outer-Linbad etc.). By considering the
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Figure 4.2 The top image depicts NGC 5194 in 3.6 µm wavelength, transformed to a R vs θ
plot. The bright regions correspond to the two spiral arms. When measuring arm-inter-arm
contrasts, it is convenient to transform images to R vs Θ coordinates. The bottom image
depicts a total intensity vs θ plot.
theoretical Rcr locations and also by checking with multiple methods, we have always found
the most probable Rcr location to be found after the first large overall peak. In figure 4.3
the most probable Rcr locations are marked in red for all the wavelengths.

4.3.3

3D surface intensity plots
Using the de-projected images and by using AstroImageJ, 3D surface plots were

produced to observe the surface intensity variations. Resonance locations are stable regions
within the galactic structure and they are known to exhibit low star formation activities
resulting in low surface intensities. These low intensity regions are clearly visible as valleys
in these 3D plots and can be seen in both the arms. The co-rotation radii measurements
obtained through these 3D plots are compared against the results found through other meth-
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Figure 4.3 Arm-inter-arm contrast plots of NGC 5194 in the wavelengths 3.6µm, 8.0µm
and B-band respectively. The estimated Rcr location has been indicated with a red line.
The other minima locations may correspond to other resonances.
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ods.

4.3.4

2DFFT and Inverse 2DFFT plots
Analyzing Fourier components to observe Spiral arm modulation is also a common

technique (Elmegreen & Elmegreen, 1987). We have used a two dimensional fast Fourier
transformation software called 2DFFT which uses a varying inner radius and produces
Amplitude modulation plots for different harmonic modes. The program decomposes deprojected galaxy images in to a superposition of logarithmic spirals. As described by Puerari
et al. (2000), the amplitude of each Furrier component is given by

A(p, m) =

1 Z −π Z +rmax
I(u, θ)e−i(mθ+pu) dudθ
D +π −rmin

Where u = ln r and r and θ are in polar coordinates. m represents the number
of arms, p is a function of the pitch angle and I(u, θ) is the intensity of the galaxy. The
normalization factor D is given by

D=

Z +π Z +rmax
−π

I(u, θ)dudθ

−rmin

The inverse 2DFFT can be written in the form

S(u, θ) = Σm Sm (u)eimθ
Where Sm (u) is an integral function of p, m and u integrated over p. Please see
Puerari et al. (2000) for more details.
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Figure 4.4 AstroImageJ 3D surface intensity outputs of NGC 5194. Surface intensity
minima locations correspond to resonance locations and are visible clearly in both the views
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It is important to note that there are minima corresponding to the co-rotation resonances, visible in the m=2 harmonic mode amplitude variation plot. The inverse 2DFFT
contour plots also show minima corresponding to these resonance locations.

4.4
4.4.1

Results
Checking our results with previous studies
One of the cardinal objectives of this study is to check the results of our previous

work Abdeen et al. (2020), which involved identifying co-rotation radii using spiral arm pitch
angle measurements from different wavelengths and to explore the various possible ways
of determining the resonance locations. If we can obtain the same results from multiple
techniques, it is highly likely that we are accurate, in our methods and results.
Table 4.2 represents the results obtained in this study compared against results obtained from a previous study. For five galaxies we used Rcr values from Abdeen et al. (2020)
and for the remaining we calculated the Rcr based on the methods described in Abdeen
et al. (2020). It is important to mention that in some cases we were unable to infer Rcr
measurements from the 3D surface intensity plots and 2DFFT contour plots.Â
Figure 4.6 compares the results obtained in this study with the mean values found
in the literature. The large error bars in NGC 1566 are mainly due to the uncertainties in
pitch angle measurements, which translated into uncertain Rcr measurements.

4.4.2

Finding Lindblad resonances using theoretical calculations
As described in Elmegreen et al. (1992) the theoretical ratios between the resonances,

can be found using the following equation:
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Figure 4.5 Top image: 2DFFT, Amplitude Vs R output of NGC 1300 in 3.6 µm wavelength.
Bottom Image: Inverse 2DFFT of NGC 1300 in 3.6 µm
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Rres
2 1+α
= 1−
RCR
m
2


1/2 !1/(1−α)

Where m = 2, −2 gives inner and outer lindblad resonances respectively. In the
present study we focus only in the inner and the outer lindblad resonances. α governs the
curvature of the rotation curve. The equation assumes the galaxies to have a rotation curve
of the form V (R) ∝ Rα . In reality, rotation curves may take many forms and may differ
significantly from each other. We have used the power law form for simplicity and to get an
overall rough estimate of the resonances. α for each galaxy is derived from the interpolation
formula



α = log

2.2 + ∆
(log3.2)−1
2.2 − 1.2∆


Where ∆ = 0.12 + 0.096(MB + 21.5) and MB is the absolute magnitude. All the
equations mentioned above are from Elmegreen et al. (1992) and we have only used updated
MB values.For two galaxies (NGC 3031 and 5194) we used α values from Elmegreen et al.
(1992) for which they had used published rotation curves to derive. It is also important to
note that for some galaxies the obtained RILR and ROLR may represent unrealistic radii, too
small (NGC 3513, NGC 4314) or too large (NGC 1566), which is undoubtedly a consequence
of the theoretical assumptions. More precise values can be obtained if we used accurate α
values corresponding to the intrinsic rotation curves, yet we have used the above assumptions
and the equations in order to get a rough overall idea about the resonances.
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5.32 ± 0.89
8.3 ± 0.76
1.82 ± 0.5
4.6 ± 1.2
5.25 ± 0.6
4.02 ± 1.2
5.32 ± 0.65

Rcr :2DFFT
(4)
5.89 ± 0.4
10.78 ± 2.01
3.87 ± 1.02
8.0 ± 0.46
2.42 ± 0.61
3.25 ± 1.40
5.21 ± 1.32
4.25 ± 1.78
8.9 ± 0.75
5.31 ± 0.98

∗Rcr :OLScript
(5)
5.95 ± 0.74
11.24 ± 2.21
4.86 ± 0.64
8.6 ± 0.8
2.73 ± 1.2
3.89 ± 1.24
5.85 ± 1.40
4.43 ± 0.38
6.81 ± 0.64
4.88 ± 1.12

∗Rcr :Spirality
(6)
5.44 ± 0.37
8.8 ± 1.3
4.12 ± 0.1
11 ± 2
2.25 ± 0
4.12 ± 0
4.85 ± 0
3.61 ± 0
10.5 ± 1.3
5.6 ± 0.6

∗Rcr :Lit.
(7)

Note. — Columns: (1) Galaxy name (2) RCR from Arm-inter-arm contrast plots (3) RCR
from 3D surface intensity plots (4) RCR from 2DFFT and Inverse 2DFFT contour plots (5)
* RCR from OL Script is based on the methods described in Abdeen et al. (2020) (6) *
RCR from Spirality is based on the methods described in Abdeen et al. (2020) (7) * RCR
from literature (8) Reference: [1] Zhang & Buta (2007), [2] Scarano & Lépine (2013)

5.45 ± 1.3
12.32 ± 1.42
2.32 ± 0.4
5.12 ± 1.2
3.82 ± 0.8
7.62 ± 1.6
5.21 ± 1.2

6.19 ± 0.06
14.16 ± 0.51
4.40 ± 0.84
8.2 ± 0.8
1.57 ± 0.04
4.91 ± 0.4
4.24 ± 0.12
3.59 ± 0.7
8.44 ± 0.82
5.74 ± 0.88

NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

1300
1566
2903
3031
3513
3583
3893
4314
4321
5194

Rcr :3D plots
(3)

Rcr :Arm-Inter-Arm
(2)

Galaxy
(1)

Table 4.2 Final Results

[1]
[2]
[2]
[2]
[1]
[1]
[1]
[1]
[2]
[2]

Ref.
(8)
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-21.64
-21.09
-21.9
-12.32
-19.1
-21.82
-21.5
-19.6
-22.8
-16.46

6.19 ± 0.06
14.16 ± 0.51
4.40 ± 0.84
4.94 ± 0.08
1.57 ± 0.04
4.91 ± 0.04
4.24 ± 0.12
3.59 ± 0.08
8.44 ± 0.82
5.74 ± 0.88

NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC

0.10656
0.15936
0.0816
0.3504
0.08928
0.12
0.3024
-0.0048
-

∆
(4)
0.092147
0.138304
0.070455
−0.20∗
0.309424
0.077121
0.10386
0.265702
-0.00413
−0.16∗

α
(5)
1.72
1.72
1.71
1.68
1.74
1.72
1.72
1.73
1.71
1.69

(7)

(6)
0.28
0.28
0.29
0.32
0.26
0.28
0.28
0.27
0.29
0.31

ROLR
RCR

RILR
RCR

1.75
3.95
1.26
2.6
0.41
1.40
1.20
0.96
2.48
1.79

RILR (kpc)
(8)
10.6
24.37
7.54
13.8
2.73
8.42
7.28
6.22
14.4
9.69

ROLR (kpc)
(9)

Note. — Columns: (1) Galaxy name ; (2) RCR from Arm-inter-arm contrast plots ; (3)
Absolute Magnitude (MB ) as recorded in NED database; (4) ∆ calculated using (MB ) ; (5)
α calculated using ∆, * were obtained from Elmegreen et al. (1992) where they had used
published rotation curves. (6) RRILR
ratio ; (7) RROLR
ratio; (8) Theoretical RILR in kpc ; (9)
CR
CR
Theoretical ROLR in kpc.

1300
1566
2903
3031
3513
3583
3893
4314
4321
5194

MB
(3)

Rcr :Arm-Inter-Arm
(2)

Galaxy Name
(1)

Table 4.3 Finding RILR and ROLR

4.5

Summary and Conclusion

There are many theoretical studies devoted to understand the formation and the role,
of galactic resonances. There are many more focused on developing methods in identifying
them. The primary focus of this study is on identifying the co-rotation resonance, yet again
using existing techniques, new methods and software. As the initial phase we create a
composite image using the various wavelength images we have, of the same galaxy. We use
this composite image to obtain the de-projection parameters (e,PA). We use these parameters
to de-project all the images to face-on orientation. These de-projected images are then
subjected to a symmetry enhancement as described in Section 4.3.1. These de-projected,
symmetry enhanced images are then used for further analysis. By converting the image to
polar coordinates, as the first method, we used arm-inter arm contrast plots to identify the
co-rotation resonances. We were able to identify the locations by observing low arm-inter
arm contrasts (Valleys) locations. As the second method we used 3D surface intensity plots
using AstroImageJ. Resonance locations are clearly visible in the form of valleys in the
3D surface intensity plots. We were also able to detect resonances using 2DFFT amplitude
variation plots and inverse 2DFFT contour plots. All the results were compared against
the results obtained in a previous study. The theoretical locations of the ILR and the OLR
were also calculated based on the Rcr measurement values from the arm-inter arm contrast
results.
Examining Figure 4.6 suggests that each of the methods of determining the co-rotation
radius used in this paper reliably agrees with the values given in the literature. There is a
tendency for larger errors where the co-rotation radius is found further out in the disk and
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Figure 4.6 Comparing Rcr values from this study vs mean values from the literature
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this is reflected in poorer, but not particularly bad, agreement for such values. We view
these results of important because of the central role which the co-rotation radius plays in
our studies of spiral arm structure and density wave theory, as outlined in chapters 2 and
3. Confidence in our ability to measure this key parameter is essential to the arguments
presented in these earlier chapters.
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Chapter 5

Summary and Conclusions

This dissertation focuses on testing the validity of density wave theory using multiwavelength image data, star formation history maps and spatially resolved stellar clusters.
As mentioned in chapter 1: Introduction, the cardinal objectives of the study include theory
testing, determining whether spiral arms are transient or long-lasting and developing new
methods identifying resonance locations and co-rotation radii of galaxies. This dissertation
is compiled using three individual projects of which one has been published in the Monthly
Notices of the Royal Astronomical Society and another is under review at the same journal.
In addition, the current author contributed to the two published papers discussed in chapter
1 and took a leading role in re-analyzing the data for the second of these in preparation for
the round of projects discussed in this thesis.
Chapter 1 discussed the importance of co-rotation radii measurements as a way of
testing the conclusions in favor of density-wave theory provided in Pour-Imani et al. (2016).
Using 41 nearby galaxies and by using B-band, 3.6 µm, 8 µm and FUV bands we were
able to clearly show how pitch angle depends on wavelength. The different wavebands were
selected specifically to trace different components of the spiral arms; B-band for the relatively
young stars recently born in the density wave, FUV for short lived bright O-type stars, 8.0
µm for dust lanes associated with the star-forming regions and 3.6 µm for the old stellar
population. We further expanded this project by including Hα and U-band which are star
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formation traces, and the results were published in Miller et al. (2019). Based on queries
by Yu & Ho (2018) on some of our pitch angle measurements we refined the de-projection
phase by including composite images. The composite images were used in determining the
de-projection parameters for a holistic consideration of the multi wavelength image data.
These de-projection parameters were then used to individually de-project each wavelength
image.
The disagreements between various authors on the location of the 3.6 µm spiral arm
was of central importance. The argument concerned whether this waveband observed old
red disk stars compressed closer together by the density wave itself (in which case it would
be observed close to or upstream of the star forming region identified by the 8 µm images)
or whether it represented the region where newly born redder stars (for instance of the M
type) mingled with the old stellar population to create an unusually red region of starlight
downstream from the younger bluer newborn stars which form more quickly after leaving the
star-forming region. The need to answer this interesting question motivated us to focus on
a direct approach to observe age gradients across spiral arms using stellar clusters and star
formation history maps. The stellar clusters give us an unparalleled advantage over the use
of wavelength dependent traces and helps with the disputes on the location of the old stellar
population. The stellar clusters are ideal candidates for age gradient analysis as they are
corrected for dust extinction biasing. The analysis of the star formation history maps showed
a gradual loosening of the pitch angles with the increasing age consistent with our previous
findings published in Pour-Imani et al. (2016) and Miller et al. (2019). The remainder of
the chapter is dedicated to a brief explanation about the structural components of a galaxy
followed by an overall view about density wave theory and some alternative theories of spiral
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structure.
Chapter 2, titled “Determining the co-rotation radii of spiral galaxies using spiral
arm pitch angle measurements at multiple wavelengths”, focused mainly on the co-rotation
radius. It is important to restate that the co-rotation radius is a result of the global pattern
speed requirement, the very basis of the QSSS hypothesis. The assumption of the global
pattern speed leads to the existence of the co-rotation radius. We were able to find corotation radii using a simple, straight forward method which involves measuring pitch angles,
tracing spiral arms in different wavelengths, and overlaying them in layers. The pitch angle
variation with wavelength was previously investigated by Pour-Imani et al. (2016); Miller
et al. (2019). In this project we used the pitch angle wavelength dependence to locate the
co-rotation radius. The very success of this project in measuring co-rotation radii accurately
is convincing evidence of that the conclusions adopted in the earlier papers was correct and
it serves as an evidence in favor of the validity of density wave theory. We were also able to
get a lower bound to the lifetime of the spiral structure. By observing the locations of the
B-band and 8µm images and using published rotation curves we were able to conclude that
in our sample the average time laps between the formation of the current B-band and the
dust lanes are about 50 Myr. This rough time scale gives a lower bound, suggesting that
the spirals arms are at-least older than 50 Myr, thus favoring the QSSS hypothesis. This
time scale is consistent with the theoretical picture that the color gradient in spiral arms is
the result of star formation in the density wave. This is because the time elapsed is on the
timescale of such star-formation, suggesting that the color gradient is created by young stars
in the process of formation.
In Chapter 3 we focused on the age gradient. The density wave theory predicts
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that close observation on the spiral structures should reveal a gradual trend of aging stars.
According to the theory stars being born at the density wave migrate away azimuthally
leaving a trail of stars from young to old. We used star formation history maps (SFH) derived
from LIGHTNING (Eufrasio et al., 2017) to study the pitch angle variation in different age
bins. The pitch angle measurements of the SFH maps showed a gradual loosening of the
pitch angles with increasing age. This is consistent with our previous work on pitch angle
dependence with wavelength for which the findings are published in Pour-Imani et al. (2016)
and Miller et al. (2019). We also performed a pixel by pixel analysis of NGC 5194 in three
age bins (0-10 Myr, 0.1-1 Gyr and 5-13.6 Gyr) and saw this gradient when the pixels were
superimposed on an 8µm image of NGC 5194.
Since the formulation of the density wave theory, many authors have searched for age
gradients and the results vary throughout the literature. The reasons for the inconclusive
results mainly stem from the different physical/chemical traces used. To avoid this tracer
biasing we focused on a direct approach involving stellar clusters with known age estimates.
We observed azimuthal offsets of stellar clusters from the density waves. From the three
galaxies that were used (NGC 5194, NGC 628 and NGC 5236) NGC 5194 and NGC 5236
showed promising age trends when they were analyzed using kernel density estimation (KDE)
plots. We also observed a monotonically increasing trend in the full width at half maximums
(FWHM) of the cluster distributions with the exception of a single age bin in NGC 628. As
clusters grow in age, they drift away from their birth sites and this migration may be the
reason for the observed incremental trend of the FWHMs. The KDE plots reveled a primary
peak at the location of the density wave and secondary peaks on each age bin. For NGC
5194 and NGC 5236 theses secondary peaks were only clearly visible in the positive side,
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while for NGC 628 the secondary peak distribution was recorded on both sides. The most
probable reasoning for this dual peak detection in NGC 628 may be due to the distribution
of clusters relative to the co-rotation radius. Clusters spatially distributed on both inside
and outside of the co-rotation radius will produce positive and negative secondary peaks.
Overall findings from the analysis of the SFH maps and the spatially resolved stellar clusters
were in favor of the density wave theory framework.
In chapter 4 we revisited the co-rotation radius study with the emphasis of validating
our overlaying method using existing co-rotation radius finding methods. We focused initially
on the use of arm-inter-arm contrast plots to observe the amplitude modulations of the spiral
arms. This technique was extensively used by the Elmegreen & Elmegreen (1987); Elmegreen
et al. (1989, 1992) to find resonance locations and to classify galaxy morphologies. Since
this method involved a symmetry enhancement, we primarily focused on grand designs with
clear symmetric (or close to symmetric as possible) spiral structures. We were able to predict
co-rotation radii for 12 nearby galaxies using this method. The use of clearly observable
morphological features such as sharp end points to star formation ridges is a technique
elaborated by Elmegreen & Elmegreen (1990). Using the same concepts, we were able to
observe surface intensity variations concurring with the spiral arm amplitude modulations
using AstroImageJ 3D surface intensity plots. Since star formation activities are dormant
(or comparatively less) in the resonance locations a clear drop in the surface intensity is
visible in these regions. The co-rotation resonance is visible as a sharp drop after the primary
peak. We were also able to observe amplitude modulations using 2DFFT amplitude plots
and Inverse 2DFFT plots. The results of all the methods were compared against each
other and with the values found in the literature. The concordance of the different methods
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increased our confidence that our initial overlaying method and all the other methods used
in our work are based upon sound principles. Using the RCR measurements derived from
the arm-inter-arm contrast plots we were able to predict the most probable inner and outer
Lindblad locations using the theoretical formulations described in Elmegreen et al. (1992).
Overall, this dissertation attempts to present convincing evidence in favor of Density
Wave Theory by focusing primarily on two implications of the theory, the co-rotation radius
and the age gradient.
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